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RESUMO 
Eusocialidade é reconhecida como umas das estratégias evolutivas de maior 
sucesso entre os animais, sendo as formigas (Formicidae) o grupo eusocial mais dominante da 
Terra. Tal dominância é atribuída à fina divisão de trabalho e cooperação em colônias de 
formigas, associada às relações de parentesco entre os indivíduos do ninho. A ocorrência de 
poliginia (múltiplas rainhas na colônia) e/ou poliandria (fertilização da rainha por vários 
machos) é crucial para determinar essas relações e elucidar suas importâncias em diferentes 
espécies de formigas, bem como para compreender as distintas trajetórias evolutivas por de 
trás dos sistemas de cruzamentos das formigas. O sucesso evolutivo revelado pela 
abundância, papel ecológico e susceptibilidade ao ambiente também coloca as formigas como 
organismos promissores para o estudo dos efeitos de alterações ecossistêmicas. Estas 
características fazem das formigas organismos modelos para a biologia da conservação, 
especialmente em habitats ameaçados, tais como as savanas brasileiras conhecidas como 
cerrado. Neste trabalho, nós investigamos comparativamente duas formigas neotropicais 
abundantes e que se destacam por sua importância ecológica no Cerrado: Camponotus 
renggeri e C. rufipes (Formicinae). 
No primeiro capítulo, nós avaliamos as consequências do sistema de cruzamento 
na diversidade genética das colônias dessas duas formigas. Nós observamos que C. renggeri e 
C. rufipes apresentam poliginia facultativa, as rainhas copulam com machos não aparentados, 
e as operárias de colônias poligínicas são menos aparentadas que em colônias monogínicas. 
Colônias poligínicas de C. renggeri apresentaram rainhas não aparentadas, com ou sem 
reprodução diferencial entre elas, e que copulam com um ou poucos machos. Assim, nesta 
espécie, o número de rainhas determina a diversidade genética nas colônias. Diferentemente, 
as colônias poligínicas de C. rufipes apresentam rainhas aparentadas, com maior desvio 
reprodutivo entre elas, e com maior frequência de poliandria. Em C. rufipes, tanto rainhas 
quanto machos contribuem para a diversidade genética da colônia. Apesar destas diferenças, 
as duas espécies apresentaram níveis similares de diversidade genética dentro das colônias.  
No segundo capítulo, nós investigamos a resposta em múltiplas escalas dessas 
duas espécies de Camponotus à paisagem, bem como suas susceptibilidades a variáveis 
ambientais (naturais, como as fisionomias de Cerrado, e de origem antrópica, como 
plantações e rodovias), utilizando abordagens recentes de genética da paisagem. No nível da 
colônia, nós encontramos que o número de rainhas e, consequentemente, a diversidade 
  
 
genética dentro dos ninhos de C. renggeri é muito mais afetada pela paisagem dos arredores 
de que em C. rufipes, aumentando com o distúrbio humano ao ambiente do cerrado. Na escala 
da população, nós mostramos que C. renggeri dispersa através de fisionomias florestais de 
Cerrado. Por outro lado, C. rufipes apresenta dois grupos genéticos bem definidos, os quais 
dispersam por diferentes componentes da paisagem, usando, cada um, áreas nativas abertas e 
florestais de Cerrado. Esses resultados mostram que a conservação do Cerrado é importante 
para a manutenção de ambas as populações de Camponotus. O presente trabalho aumentou 
nosso conhecimento sobre essas duas importantes formigas neotropicais, ressaltando a 
importância de trabalhos prévios de história natural de C. renggeri e C. rufipes para auxiliar a 
interpretação dos resultados genéticos. Esperamos que nosso trabalho encoraje estudos futuros 
a incorporar dados genéticos entre as informações básicas das espécies de formigas, tais como 
sistema de cruzamento e dispersão. Finalmente, esperamos que este tipo de estudo forneça 
subsídios para planos de manejo em reservas biológicas de savanas brasileiras. 
PALAVRAS-CHAVE: Parentesco, relações genéticas, frequência de cruzamento, 
reprodução, microssatélites, mudanças globais, cerradão, cerrado sensu strictu, estruturação 
genética, fluxo gênico, dispersão, hábitats de migração, processos microevolutivos. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
ABSTRACT 
Eusociality is recognized as one of the most successful evolutionary strategies 
among animals, with the ants (Formicidae) as the most dominant eusocial group on Earth. 
Such dominance can be attributed to a fine division of labor and cooperation among colony 
members, associated with high genetic relatedness among nestmates. Polygyny (multiple egg-
laying queens in the colony) and polyandry (insemination by multiple males) are crucial traits 
mediating nestmate relatedness, and revealing their occurrence in different species helps to 
understand distinct evolutionary pathways underlying ant breeding systems. The evolutionary 
success of ants as revealed by their abundance, ecological roles, and environmental 
vulnerability, make them promising organisms to investigate effects of ecosystem 
disturbance. These characteristics make ants model organisms for conservation biology, 
especially in threatened habitats, such as the Brazilian Cerrado savannas. In this study, we 
investigate comparatively two abundant neotropical ants that are ecologically important in 
Cerrado: Camponotus renggeri and C. rufipes (Formicinae).  
In the first chapter, we evaluate the effect of the breeding system on colony 
genetic diversity in these two ant species. We observed that C. renggeri and C. rufipes exhibit 
facultative polygyny, queens of both species copulate with non-related males, and workers in 
polygynous colonies are less related than in monogynous colonies. Polygynous colonies of C. 
renggeri exhibited non-related nestmate queens, with or without reproductive skew among 
them, mating with one or a few males. Thus in this species queen number accounts for the 
genetic variability within colonies. In contrast, polygynous colonies of C. rufipes frequently 
have closely related queens, with higher levels of polyandry than C. renggeri, and increased 
reproductive skew among nestmate queens. Queens and males both contribute for colony 
genetic diversity in C. rufipes. Despite these differences, the two species presented similar 
levels of genetic diversity within colonies.  
In the second chapter, we investigate the multiscale responses by these two 
Camponotus species to landscape, as well as their susceptibility to environmental variation 
(natural variation, such as Cerrado physiognomies, and variation originated from anthropic 
action, such as plantations and roads), using recent approaches of landscape genetics. At the 
colony level, we found that the number of queens and thus genetic diversity in C. renggeri 
colonies are significantly more affected by the surrounding landscape than in C. rufipes, and 
  
 
increase with human-induced disturbance. At the population scale, C. renggeri disperses 
through forested Cerrado physiognomies, whereas C. rufipes presented two well-defined 
genetic clusters that disperse through different landscape physiognomies, using native open 
and forested cerrado areas each. Our results show that Cerrado conservation is important for 
the maintenance of both Camponotus species. The study increases our knowledge of these 
two important Neotropical ants, and highlights the relevance of previous natural history data 
about C. renggeri and C. rufipes to support the interpretation of genetic results. We hope our 
work encourages future studies to incorporate genetic data into basic information of ant 
species, such as breeding system and dispersal. Finally, we also hope that our study can help 
management and conservation programs in biological reserves of Brazilian Cerrado.  
KEY WORDS: Kinship, genetic relatedness, mating frequency, reproduction, microsatellites, 
global changes, cerradão, cerrado sensu strictu, genetic structure, gene flow, dispersal, 
migration habitat, microevolutionary processes. 
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INTRODUÇÃO GERAL 
Definida por Wilson (1971) como uma fusão de três características, (i) cuidado 
cooperativo à prole, (ii) divisão de trabalho e (iii) sobreposição de gerações, a eusocialidade é 
reconhecida como uma das estratégias evolutivas mais bem sucedidas entre os animais 
(Hölldobler & Wilson 1994). Embora essa estratégia tenha sido adotada por diferentes taxa, 
as formigas (Hymenoptera: Formicidae) constituem um dos grupos eusociais mais dominantes 
da Terra (Hölldobler & Wilson 1990), podendo esse sucesso evolutivo ser confirmado pela 
ampla distribuição geográfica (formigas não ocorrem apenas na Antártica e em algumas ilhas 
distantes do continente; Hölldobler & Wilson 1990) e pela extraordinária abundância do 
grupo (formigas representam de 10 a 15% da biomassa animal total do ambiente terrestre; 
Gullan & Cranston 2005). Esse sucesso é atribuído à refinada divisão de trabalho e, 
consequentemente, à cooperação dentro das colônias de formigas (Hölldobler & Wilson 1994; 
Steiner et al. 2010). De acordo com Hölldobler & Wilson (1994), a colônia é a “unidade de 
significado na vida das formigas” e sua estrutura tem impactos em diferentes níveis 
ecológicos, que vão desde consequências para a própria colônia (por exemplo, o número de 
operárias e rainhas está fortemente associado com a sobrevivência da colônia), até 
consequências no nível da população e comunidade. As relações genéticas dentro das 
colônias, por exemplo, estão associadas com comportamentos agressivos e competitivos das 
operárias, refletindo em seu grau de territorialidade, o que, por sua vez, pode alterar a 
tolerância a outras colônias e à presença de outros organismos (Steiner et al. 2010). Assim, o 
estudo da estrutura das colônias de formigas, isto é, sua divisão em castas, demografia, 
genealogia e distribuição espacial, é fundamental para a compreensão de seu impacto 
ecológico nos ecossistemas, bem como para elucidar a evolução da eusocialidade (Steiner et 
al. 2010). 
Formigas como bioindicadores ambientais 
 O sucesso evolutivo do grupo também tem colocado as formigas como potenciais 
organismos bioindicadores dos ecossistemas em que se encontram (Andersen et al. 2002; 
Underwood & Fisher 2006). Associado à enorme abundância e distribuição geográfica, 
formigas participam de diversas interações importantes como polinização, dispersão de 
sementes e predação (Folgarait 1998; Del Toro et al. 2012). Os efeitos das alterações 
ambientais sobre a diversidade genética são bastante significativos para este grupo. Devido à 
haplodiploidia (fêmeas diploides e machos haploides) e à organização em colônias (em que 
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poucos machos e poucas fêmeas contribuem para a geração seguinte), o tamanho populacional 
efetivo e, portanto, a diversidade genética das formigas é reduzido. Isso as torna 
especialmente susceptíveis às mudanças ambientais e a flutuações demográficas, quando 
comparados a organismos não coloniais diplóides (Chapman & Bourke 2001). Além disso, 
formigas apresentam um conjunto incomum de níveis hierárquicos da organização biológica, 
sendo eles o indivíduo, as linhagens materna e paterna, o ninho, a colônia e a população 
(Crozier & Pamilo 1996), o que permite a elucidação de padrões e processos em diferentes 
escalas ecológicas, trazendo luz ao entendimento de como a informação é transferida entre 
essas escalas (Levin 1992). Nesse contexto, formigas são modelos importantes para a 
avaliação dos efeitos ambientais na diversidade dos organismos, principalmente em ambientes 
complexos e ameaçados, como o Cerrado, onde elas são muito abundantes e diversas e onde 
desempenham diversas funções importantes para o ecossistema. 
 Nos estudos de resposta dos organismos às características ambientais, uma 
abordagem recente, denominada genética de paisagem, tem se mostrado bastante promissora 
(Manel et al. 2003; Cushman et al. 2013; Manel & Holderegger 2013). Ela é oriunda de uma 
recente combinação de análises espaciais, informações de sistemas geográficos e marcadores 
moleculares e tem como objetivo principal detectar descontinuidades genéticas e 
correlacioná-las às características da paisagem e do ecossistema, trazendo luz à compreensão 
da distribuição das populações, bem como sua evolução (Manel et al. 2003; Manel & 
Holderegger 2013). Isso permite inferir sobre a conectividade funcional das paisagens, isto é, 
o quanto elas facilitam ou impedem a movimentação dos organismos (e o fluxo gênico), o que 
é crucial para a manutenção e viabilidade das populações (Taylor et al. 1993). Na literatura, 
ainda são poucos os estudos com genética de paisagem de insetos que efetivamente 
quantifiquem a influência da paisagem sobre o fluxo gênico dentro de populações (Storfer et 
al. 2010). Em regiões tropicais esta lacuna no conhecimento é ainda maior (Storfer et al. 
2010; Manel & Holderegger 2013). Paradoxalmente, estas regiões, como o Cerrado, 
comportam uma vasta biodiversidade e nelas são observadas as maiores taxas de 
desflorestamento e alteração antrópica da paisagem (Myers et al. 2000). 
Formigas no Cerrado 
 O Cerrado é um dos biomas mais ameaçados do mundo (Myers et al. 2000), com 
apenas 2,2% do seu território original sob proteção legalizada (Machado et al. 2004), o que o 
torna alvo de ações antrópicas extensivas, principalmente para atividades de agricultura e 
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pastagem (Jepson, 2005; Durigan et al. 2007). Em comparação a outros ambientes de savana 
no mundo, o Cerrado apresenta uma alta diversidade de formigas (e.g. Vasconcelos et al. 
2008; Schoereder et al. 2010) as quais desempenham papéis importantes no ambiente em que 
se encontram (Rico-Gray & Oliveira 2007; Del Toro et al. 2012). Por exemplo, devido ao 
hábito de carregarem matéria orgânica para o interior das colônias, elas criam ambientes ricos 
em nutrientes ao redor dos ninhos, tornando-os ambientes favoráveis para a germinação de 
algumas espécies de plantas (Christianini & Oliveira 2010). Formigas também podem alterar 
a composição do solo, tendo influências significativas nos processos de sucessão ecológica 
(e.g. Vlasakova et al. 2009) e na ciclagem de nutrientes (Del Toro et al. 2012). Ademais, 
esses insetos eusociais prestam outros serviços ecossistêmicos de destaque, como a predação 
de artrópodos e a dispersão de sementes (Del Toro et al. 2012). No Cerrado, as formigas 
forrageiam intensamente na vegetação, uma vez que diversas espécies de plantas oferecem 
recursos para elas, como alimentação e local para nidificação (Oliveira & Freitas 2004). 
Muitas formigas se alimentam de líquido açucarado oriundo de nectários extraflorais ou de 
outros insetos, como hemípteros e lepidópteros trofobiontes, o que, em geral, é acompanhado 
pela predação de insetos herbívoros que visitam as plantas, conferindo proteção às mesmas 
(Davidson et al. 2003; Rico-Gray & Oliveira 2007). Essa proteção também é conferida por 
formigas que nidificam, por exemplo, em buracos feitos por besouros brocadores em troncos 
de plantas arbustivas do Cerrado (Schoereder et al. 2010). Além disso, formigas também 
podem ser dispersoras secundárias de sementes no Cerrado, aumentando a germinação de 
plantas endêmicas através da remoção da polpa ou arilo (Leal & Oliveira 1998; Christianini et 
al. 2007). 
As espécies em estudo 
 No Cerrado, duas espécies de formigas merecem destaque pela sua abundância e 
importância: Camponotus renggeri (Emery, 1894) e C. rufipes (Fabricius, 1775) (Figura 1). 
Ambas mantêm relações mutualísticas com hemípteros trofobiontes e são visitantes 
frequentes de nectários extraflorais, apresentando comportamento agressivo em relação a 
outros organismos que se aproximam de suas fontes de alimento em diferentes espécies de 
plantas (Oliveira et al. 1987; Oliveira & Brandão 1991; Oliveira 1997; Del-Claro & Oliveira 
2000). C. renggeri e C. rufipes apresentam morfologias muito similares, o que, 
historicamente, levou à incerteza sobre os limites taxonômicos entre elas (Bolton et al. 2007; 
Mackay 2011). Contudo, recentemente, Ronque e colaboradores (2016) justificaram, com 
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base em dados ecológicos, comportamentais e genéticos, a manutenção de C. renggeri e C. 
rufipes como duas unidades taxonômicas válidas. O estudo mostrou que a ocorrência de 
ninhos de C. renggeri é mais frequente no cerradão (fisionomia florestada, cuja cobertura 
vegetal corresponde a 50 – 90%, com árvores de 8 a 12m; Oliveira-Filho & Ratter 2002), 
enquanto ninhos de C. rufipes são majoritariamente encontrados em cerrado sensu stricto 
(fisionomia definida por um conjunto de árvores e arbustos de 3 a 8m com um estrato 
herbáceo dominante; Oliveira-Filho & Ratter 2002). A arquitetura e persistência do ninho 
também diferem entre as duas espécies: C. renggeri nidifica principalmente em troncos 
mortos e C. rufipes constrói um tipo exclusivo de ninho feito de palha seca. Além disto, os 
ninhos de C. rufipes são mais persistentes ao longo da estação chuvosa. Embora para ambas 
as espécies a ocorrência de mais de uma rainha por ninho tenha sido reportada, não se tem 
conhecimento sobre a funcionalidade desta poliginia (i.e. se todas as rainhas efetivamente 
contribuem para a formação da prole), bem como sobre o sistema de cruzamento e estrutura 
genealógica dentro das colônias de C. renggeri e C. rufipes. Ronque e colaboradores (2016) 
também mostraram que, independentemente da fonte de informação genética (marcador 
mitocondrial ou microssatélites), C. renggeri e C. rufipes formam dois grupos genéticos 
distintos, sendo que C. rufipes apresenta uma variação genética maior no espaço, com 
formação de sub-grupos genéticos. Este padrão pode ser oriundo de uma resposta diferente de 
ambas as espécies à paisagem em que se encontram, isto é, elas podem responder 
diferencialmente às barreiras impostas pelo ambiente ao fluxo gênico, levando aos padrões de 
distribuição da diversidade genética observados por Ronque e colaboradores (2016).  
 
Figura 1. Operárias de (A) Camponotus renggeri (cortesia da foto: Sebastian Sendoya) e (B) 
C. rufipes (cortesia da foto: Gustavo Mori). 
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OBJETIVOS 
Este estudo objetiva, de forma comparativa, caracterizar a diversidade genética de  
Camponotus renggeri e C. rufipes em diferentes escalas da organização biológica (escalas da 
colônia e da população), bem como quantificar a influência da paisagem na distribuição dessa 
diversidade ao longo do espaço. No primeiro capítulo, objetivamos caracterizar a diversidade 
genética no interior das colônias de C. renggeri e C. rufipes, tendo como foco a descrição do 
sistema de cruzamento dessas espécies bem como a elucidação da contribuição da poliginia 
(múltiplas rainhas na colônia) e poliandria (fertilização da rainha por vários machos) para a 
variação genética das mesmas. No segundo capítulo, temos por objetivo descrever como a 
diversidade genética está distribuída espacialmente nas populações (i.e. entre os ninhos) de C. 
renggeri e C. rufipes e relacionar essa diversidade com as características da paisagem da área 
de estudo. Para isso, utilizamos abordagens recentes de genética da paisagem em duas escalas 
da organização da diversidade biológica: na escala da colônia e na escala da população, tendo 
como foco a transmissão da informação genética entre essas escalas (o que se dá pelo fluxo 
gênico).  
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Capítulo I 
 
 
Different strategies for similar outcomes: a 
comparative study of the breeding systems of two 
Carpenter ants from the Brazilian Savanna 
 
Marianne Azevedo-Silva, Gustavo M. Mori, Carolina S. Carvalho, Marina C. Côrtes,  
Anete P. Souza and Paulo S. Oliveira 
 
 
 
 
 
 
Pretendemos submeter o artigo resultante do Capítulo I para o periódico Heredity.  
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ABSTRACT 
Kinship has long been the focus of sociobiology studies, being primarily 
influenced by breeding system, which in ants can be ascribed to the level of polygyny and 
polyandry within colonies. Both conditions have associated costs and benefits, and 
elucidating their importance in different species is crucial for understanding distinct 
evolutionary pathways underlying ant breeding systems. In this study we evaluate the 
consequences of breeding system on colony genetic diversity of two Neotropical ants, 
Camponotus renggeri and C. rufipes. We describe (i) the matrilines and patrilines, (ii) the 
genetic relatedness, and (iii) the contribution of polygyny and polyandry to the genetic 
diversity in C. renggeri and C. rufipes colonies. We genotyped workers from 22 C. renggeri 
and 35 C. rufipes colonies for 17 microsatellite markers. Parental genotypes were 
reconstructed and the effective number of queens and mating frequencies were calculated. We 
estimated the genetic relatedness within and among different castes, and the reproductive 
partitioning among queens and males. We characterized the genetic diversity of the colonies 
and modeled it in response to polygyny and polyandry. We observed that both C. renggeri 
and C. rufipes exhibit facultative polygyny, in which the queens copulate with non-related 
males, and that workers in polygynous colonies are less related than in monogynous nests. 
There were, however, differences between the mating systems of the two species. In C. 
renggeri, non-related queens can join to form a colony, with infrequent maternity skew, lower 
mating frequency. In this species, queens are responsible for increasing colony genetic 
variation. Contrastingly, in C. rufipes closely related queens can form polygynous colonies, 
also exhibiting higher mating frequencies, and higher maternity skew. In C. rufipes, both 
queens and males contribute for colony genetic diversity. Unexpectedly, despite these 
differences, the two species presented similar genetic diversity outcomes. This study adds 
new important information on the breeding systems of Camponotus species, highlighting C. 
renggeri and C. rufipes as promising model species for further investigation on the relevance 
of polygyny and polyandry for the evolution of eusociality in ants.  
KEY WORDS: colony genetic structure, pleometrosis, Brazilian Savanna, Cerrado, 
Camponotus, colony foundation, multiple mating.  
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INTRODUCTION 
 Parentage relationships have long been of interest in social biology research. In 
The Origin of Species (1859), Charles Darwin had already highlighted kinship as a possible 
factor resolving the “special difficulty” that social organisms represented to his whole theory 
of natural selection (Ratnieks et al. 2011). Kinship received even more attention with the 
development of population genetics, which made the formulation of inclusive fitness theory 
possible (Hamilton 1964). In social insects kinship is primarily influenced by the breeding 
system that is defined by the colony number of mothers (queens) and fathers (male mates), 
genetic relationship between same-sex and different-sex breeders and the reproductive 
partitioning among breeders (reproductive skew) (Ross 2001). In the specific case of ants, this 
could be described as the level of polygyny (the co-occurrence of multiple queens) and 
polyandry (multiple matings by a single queen) within nests (Hölldobler & Wilson 1991). 
Both conditions have associated costs and benefits. Polygyny implies the fitness cost of 
sharing the offspring among the queens, while polyandry leads to energetic and survival costs 
of queens due to increased chances of predation, damage caused by the aggregation of male 
partners, or even reduced immunity (Hölldobler & Wilson 1991; Baer et al. 2006). In the face 
of these costs, different hypotheses have been suggested to unveil the evolutionary benefits 
that favored the maintenance of both polygyny and polyandry in ants.  
 The evolution of polygyny has long been attributed to primary ecological 
pressures (Hölldobler & Wilson 1991; Hughes et al. 2008). Multiple coexistent queens are 
believed to be favored under conditions of resource scarcity of food or nests sites (Briese 
1983; Rubin et al. 2013). Moreover, many queens living together may reduce the colony 
susceptibility to parasitic infestation, increasing brood survival as well as brood raiding and 
territoriality (Rissing & Pollock 1987; Bono & Cresp 2006). According to Wilson (1971), 
polygyny may also be interpreted as a strategy to take ant populations out of extinction risk, 
once it improves the naturally low effective population sizes of haplodiploid organisms. As a 
consequence, polygynous ants are expected to survive better in the face of different 
environmental conditions or under demographic constraints (MacArthur & Wilson 1967). In 
contrast to polygyny, the evolutionary processes underlying polyandry are more complex, 
such that, historically, there are two major hypotheses (Crozier & Fjerdingstad 2001). The 
“sperm supply hypothesis”, states that multiple matings occur to assure the sufficient amount 
of stored sperm by the queen, which guarantees a high fertilization rate to produce a large 
24 
 
 
 
amount of workers during the queen’s lifespan (Cole 1983). This is especially true for 
monogynous species, whose colony size is directly associated with the number of matings a 
queen may perform (Boomsma & Ratnieks 1996). The second hypothesis is related to the 
improvement of genetic diversity within ant colonies (Crozier & Page 1985; Hughes et al. 
2008). The increase of genetic variation, in turn, is hypothesized to (i) improve the division of 
labor (e.g. Evison & Hughes 2011); (ii) reduce the chance of parasitic or pathogenic infection 
(Sherman et al. 1988; Hughes & Boomsma 2004); (iii) reduce deleterious effects due to 
genetically incompatible matings (Zeh & Zeh 1997; Simmons 2001) and diploid males 
(Crozier & Page 1985); and (iv) increase colony tolerance and adaptability to different 
environmental conditions (Crozier & Page 1985). Although some hypotheses are corroborated 
for polygynous and polyandrous ants, they are not consistent across all species. For example, 
while nest limitation leads to polygynous colonies in Solenopsis spp. and Crematogaster 
mimosa (McGlynn 2010; Rubin et al. 2013), food supply seems to be more relevant for 
coexistence among multiple queens in Monomorium spp. and Myrmica punctiventris (Briese 
1983; Herbers 1993). Similarly, polyandry increases sperm storage of Atta colombica 
(Fjerdingstad & Boomsma 1998), but not for Cataglyphis cursor (Pearcy et al. 2009). 
Elucidating the factors that influence polygyny and polyandry in different ant species is thus 
crucial for understanding the importance of each factor on distinct evolutionary pathways 
underlying ant breeding systems.  
 In this study, we evaluate the impact of the breeding system (i.e. the contribution 
of polygyny and polyandry) on colony genetic diversity of two Neotropical ant species, 
Camponotus renggeri (Emery 1894) and C. rufipes (Fabricius 1775). Both species are highly 
abundant in the Brazilian Cerrado savanna, where they are among the most frequent ants 
attending extrafloral nectaries and honeydew-producing hemipterans on foliage (Oliveira & 
Brandão 1991; Oliveira & Freitas 2004). In a recent work, Ronque and colleagues (2016) 
showed that C. renggeri and C. rufipes present contrasting nesting patterns in relation to 
spatial distribution, material used in nest construction, and caste representation (Table 1). 
According to Steiner et al. (2010), colony structure is defined by proportion of different 
castes, demography, spatial traits, and genealogy. We have data on caste amount and 
distribution in C. renggeri and C. rufipes colonies, as well as nest architecture and occurrence 
in different Cerrado physiognomies (Table 1; Ronque et al. 2016). In contrast, we have 
limited information on the genetic variation within C. renggeri and C. rufipes colonies, as 
well as on their breeding systems and polygyny functionality (i.e. the effective partitioning of 
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offspring production among nestmate queens). To obtain this information, we compare C. 
renggeri and C. rufipes breeding systems and their influence on colony genetic diversity. 
Specifically, we describe (i) the matrilines and patrilines, (ii) the genetic relatedness within 
and between reproductive and worker castes, and (iii) the contribution of multiple matrilines 
and patrilines to the genetic diversity of C. renggeri and C. rufipes colonies.  
Table 1.Contrasting nesting habitats of Camponotus renggeri and C. rufipes investigated by 
Ronque and colleagues (2016). 
 
 Camponotus renggeri Camponotus rufipes 
Occurrence “cerradão”* “cerrado sensu stricto”** 
Predominant nest architecture fallen dead trunk dry straw 
Nest persistence lower higher 
Nest distribution random aggregated 
Polydomy absent present 
Number of workers/colony 105-340 251-3654 
Number of queens/colony 1-7 1-2 
(Adapted from Ronque 2013) 
* “closed woodland with crown cover of 50–90%, made up of 8–12m tall trees casting a 
considerable shade so that the ground layer is much reduced” ; see Oliveira-Filho & Ratter 
(2002) 
** “scrub of shrubs and trees with a fair amount of herbaceous vegetation between them”; see 
Oliveira-Filho & Ratter (2002) 
 
MATERIALS AND METHODS 
DNA Collection 
 Camponotus renggeri and C. rufipes are widely distributed in South America, 
occurring from Argentina to Suriname (Fernandez & Sendoya 2004). In Brazil, they are 
typically found in the Cerrado savanna formations (Oliveira & Freitas 2004). In December 
2014 and February 2015, we sampled specimens from one population of C. renggeri and one 
population of C. rufipes, both located in a Cerrado reserve in Mogi-Guaçu (22°18’S, 
47°11’W) (Figure 1). In total, we collected 389 workers from 22 C. renggeri colonies and 677 
workers from 35 C. rufipes colonies (9-22 workers per colony; Figure 1). To avoid colony 
resampling or polydomous colonies, we chose colonies far apart from one another (at least 
288 m for C. renggeri, and 188 m for C. rufipes). The nests geographic coordinates were 
recorded using a global positioning system (GPSmap 60CSx, Garmin International Inc., 
Olathe, KS, USA; Supplementary Table S1). The sampling of C. renggeri and C. rufipes 
workers was authorized by the Instituto Chico Mendes de Conservação da Biodiversidade 
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(ICMBio; licenses 45550-1 and 45550-3). Ant workers were preserved in 100% ethanol and 
then stored at -20°C. Due to limited amount of kits for DNA extraction, different protocols 
were employed to obtain the DNA samples. Thus, using entire individuals, the total genomic 
DNA of C. renggeri workers was extracted with DNeasy Blood & Tissue Kit (QIAGEN), 
following the manufacturer’s protocol for insects, while the DNA of C. rufipes workers was 
obtained following a modified cetyltrimethyl ammonium bromide extraction protocol 
(Saghai-Maroof et al. 1984). 
 
Figure 1.Study site and distribution of Camponotus renggeri and Camponotus rufipes nests. 
Site is located in São Paulo, southeast Brazil (upper inset). Datum of Cerrado reserve map is 
WGS 1984 UTM Zone 23S. 
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Microsatellite analyses 
 Individuals of each ant species were genotyped using specific sets of highly 
polymorphic microsatellites loci  (two sets of 17 markers, one for each species; 
Supplementary Table S1). The markers were previously developed by Azevedo-Silva et al. 
(2015) and the amplifications followed the PCR protocols proposed by the authors with 
modifications for multiplexing (Sint et al. 2012; Supplementary Information and 
Supplementary Tables S2, S3 and S4). A M13 tail (5′-CACGACGTTGTAAAACGAC-3′) 
was added at each forward primer 5′ end (Schuelke 2000), which enabled us to score the 
amplified microsatellite fragments on a Li-Cor 4300 DNA analyser (Li-Cor Biosciences, 
Licoln, NE, USA). Allele sizes were determined based on its length using SAGA software 
(Li-Cor Biosciences). To estimate genotyping errors, we randomly sampled 30 individuals of 
each species to re-amplify all markers and re-score them. The genotyping percentage error 
was calculated based on the loci genotype difference between the first and the second 
amplification.  
Statistical analyses 
Descriptive loci analyses  
 At the species level, the microsatellite loci adherence to Hardy-Weinberg 
equilibrium (HWE), allelic richness and expected heterozygosity, were calculated using the 
package ‘PopGenReport’ (Adamack & Gruber 2014) implemented in R software (R 
Development Core Team 2013). Linkage disequilibrium (LD) was evaluated using the 
software FSTAT v2.9.3.2 (Goudet 1995). To avoid biased results due to non independent 
genotypes within ant colonies, we randomly sampled one individual per colony and this 
subset was used for the HWE and LD analyses. Bonferroni correction for multiple 
comparisons was employed at the significance level of 0.05 (Holm 1979). Null allele 
frequencies were estimated for each locus in both species by using the Expectation 
Maximization algorithm (Dempster et al. 1977) implemented in the software FreeNa (Chapuis 
& Estoup 2007). 
Number of queens, mating frequency and sampling effort 
The colony breeding system is composed by the i) number of breeding 
females/males, ii) the genetic relatedness between individuals of the same and different sex-
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breeders, and iii) the maternal/paternal reproductive skew (Ross, 2001). To access this 
information for C. renggeri and C. rufipes colonies, we identified the matrilines and patrilines 
within nests using the workers' genotypes to reconstruct parental genotypes. For this purpose 
we used the program COLONY v2.0 (Jones & Wang 2010). This software implements a full 
likelihood method to assign parentage among individuals and it accounts for deviations from 
HWE. We set the females as polygamous for conducting COLONY analyses because we have 
previously found multiple queens inside C. renggeri and C. rufipes nests (Ronque et al. 
2016), and functional polygyny has been reported for other Camponotus species (e.g. Akre et 
al. 1994; Goodisman & Hahn 2004). In contrast, the males were considered monogamous due 
to limited amount of stored sperm. In this case, the males copulate once and die right after 
mating (Hölldobler & Wilson 1991). Moreover, we accommodated the genotyping errors and 
null allele frequencies that were previously estimated and allowed for inbreeding. Thus, for 
each C. renggeri and C. rufipes colony, we carried out a single medium length run in 
COLONY that is considered accurate in most of cases (Jones & Wang 2010). The parental 
genotypes (queens and their mates) with the highest likelihood were used in the subsequent 
analyses. 
 The above approach may underestimate the number of queens and their mates if 
non-sampling occurs. To test if our sample sizes were enough to detect all parental individuals 
within the colonies, we tested the correlation between the estimated number of queens and 
number of offspring analyzed per colony using Spearman correlation in R software (R 
Development Core Team 2013). We carried out the same analysis for the total number of 
estimated mating males per colony. An absence of correlation indicates that sampling was 
sufficient to identify all matrilines and patrilines in a colony (Trontii et al. 2007). Moreover, a 
second possible error, commonly referred as nondetection error (Pnondetect), can lead to 
underestimated number of multiple mating per queen if two males have identical genotypes 
over all loci. We estimated Pnondetect for each matriline within colonies following the method 
proposed by Boomsma & Ratnieks (1996): 
𝑃𝑛𝑜𝑛𝑑𝑒𝑡𝑒𝑐𝑡 = ∏ ∑ 𝑓𝑖𝑗
2
𝑖𝑗
 
where fij is the i
th male allele frequencies at the population level for each jth locus. 
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Once males may contribute unequally to the offspring, the effective number of mating per 
queen (Me,p) was estimated following the equation described by Nielsen et al. (2003): 
𝑀𝑒,𝑝 =
(𝑛 − 1)2
∑ 𝑝𝑖
2𝑘
𝑖=1 (𝑛 + 1)(𝑛 − 2) + 3 − 𝑛
 
where n is the total number of offspring of a queen, k is the total number of males that 
copulated with this queen, and pi is the relative contribution of each i
th male to the queen 
offspring. Although this equation was first developed for estimating the effective number of 
mating per queen, we used the same approach to calculate the effective number of queens per 
polygynous colony. For both ant species, we did not find significant differences between the 
estimated and effective number of queens and their mates (likelihood ratio test was used to 
test these differences, see Supplementary Table S7), thus we used the effective numbers in all 
subsequent analyses.  
Genetic relationship within colonies 
 The number of mothers and fathers within colonies define the level of genetic 
relationship (relatedness) between the workers, which could vary from 0.75, in the scenario of 
a single queen inseminated by a single male, to near zero in cases of extreme polygyny and 
polyandry (Crozier & Pamilo 1996). We estimated the pairwise relationship based on Queller 
and Goodnight’s statistics (Queller & Goodnight 1989) implemented in the software 
Coancestry v1.0.1.5 (Wang 2011). Relatedness values were obtained between different levels 
of social relationship: (1) between nestmate workers within monogynous and polygynous 
colonies (Rww); (2) between queens from the same nest in polygynous colonies (Rqq); (3) 
between males that copulated with different queens in polygynous colonies (Rmm_all); (4) 
between males that copulated with a single queen in mono and polygynous colonies (Rmm), 
and (5) between queens and their mates (Rqm). Because the software Coancestry only accepts 
diploid genotypes as input data, we considered males as homozygous for all loci. We tested 
for significant differences of relatedness estimates between monogynous and polygynous 
colonies, and between C. renggeri and C. rufipes using likelihood ratio tests implemented in 
the package lmtest (Zeileis & Hothorn 2002) in R (R Development Core Team 2013). 
Reproductive skew 
 The reproductive partitioning (skew) of queens within polygynous colonies (Sq) 
and males that copulated with a single queen (Sm) were calculate based on Nonacs’ B index, 
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using the software SKEW CALCULATOR (Nonacs 2000). The program computes the 
minimum B value (expected in case of equal reproductive distribution among same sex-
breeder), the maximum B value (expected in case of offspring monopolization by a single 
individual) and a 95% confidence interval (CI) around these metrics. If the CI includes zero, 
then the partitioning of maternity or paternity is not significantly different from random. If the 
minimum B falls within CI, then an equal partitioning of reproduction cannot be excluded. On 
the other hand, if the maximum B is equal to the upper CI, then monopolization cannot be 
excluded. Multiple variables are expected to influence reproductive skew, such as group size, 
genetic relatedness between breeders, group aggressiveness, and ecological constraints (Reeve 
& Keller 2001). Here we tested the influence of two variables. We modeled the reproductive 
skew in response to number and genetic relationship of same-sex breeder using linear models 
in R (R Development Core Team 2013). A null model was also built and posterior model 
selection was employed (see below).  
Contribution of polygyny and polyandry to colony genetic diversity  
 To access the genetic diversity of C. renggeri and C. rufipes colonies we 
characterized them for their allelic richness (A) and private allelic richness (pA). Once the 
colonies have distinct sample sizes, we calculated both statistics based on the rarefaction 
method proposed by Kalinowski (2004), implemented in the program HP-Rare (Kalinowski 
2005). The expected heterozygosity (HE) and the Weir & Cockerham’s inbreeding coefficient 
(1984; FIS) were also estimated at the colony level using the package ‘PopGenReport’ 
(Adamack & Gruber 2014) in R software (R Development Core Team 2013) and the program  
FSTAT v2.9.3.2 (Goudet 1995), respectively.  We calculated the colony effective number 
(Ne) following the method proposed by Wang (2009) and implemented in the program 
COLONY v2.0 (Jones & Wang 2010). This method is based on the sibship assignment and 
can be employed to population with substantial deviations from HWE, which is the case of 
ant colonies. We tested for significant differences of these genetic diversity parameters 
between C. renggeri and C. rufipes using likelihood ratio tests in R (R Development Core 
Team 2013).  
 We used Spearman correlation to test the association between effective number of 
queens and the average number of effective mates per queen. Then we modeled each genetic 
variable separately (A, pA, HE and Ne) in response to these predictor variables using linear 
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models in R (R Development Core Team 2013). A null model was also built and the best-
fitted model was chosen by carrying out a model selection. 
 All model selections applied in this work were performed in R software (R 
Development Core Team 2013) with the package ‘bbmle’, using the Akaike Information 
Criteria (AIC) corrected for small samples (AICc). The difference between each model and 
best model (ΔAICc) as well as the Akaike’s weight of evidence (wAICc, i.e. the relative power 
of explanation of each model) were estimated among the competing models (Burnham & 
Anderson 2002). Models with ΔAICc < 2 and wAICc > 0.1 were considered likely to be true in 
explaining the tested genetic variability patterns (Zuur et al. 2009). For each explanatory 
covariable, the estimated parameters (and respective confidence interval) of the best-fitted 
models were plotted to verify the significance of its values.  
 
RESULTS 
Descriptive loci analyses 
 For C. renggeri, we recorded a total of 171 alleles for all 17 microsatellite loci, 
ranging from 3 to 19 alleles per loci. The HE at the species level ranged from 0.214 to 0.9, 
with an average of 0.66. The frequencies of null alleles as well as the genotype errors were 
low, with an average of 0.023 and 0.03, respectively. For C. rufipes, 240 alleles were 
identified across the 17 loci, with a range from 4 to 29 alleles per loci. The mean HE was 0.81, 
ranging from 0.523 to 0.944. The frequency of null alleles and genotype error mean values 
were, respectively, 0.031 and 0.054. We identified one and four loci that deviated 
significantly from HWE for C. renggeri and C. rufipes, respectively. LD between all loci 
pairs was not detected for both species. Detailed loci characterization is presented in 
Supplementary Tables S3 and S4. 
Number of queens, mating frequency and sampling effort 
 We observed the occurrence of functional polygyny for both Camponotus species, 
which also exhibited low mating frequencies. One to eight queens per colony were inferred 
for C. renggeri, which totalized 51 queens across the 22 colonies of this species (Table 2). 
Exactly half of C. renggeri nests were monogynous and half were polygynous. The effective 
number of queens in polygynous colonies ranged from 1.11 to 5.62 (Supplementary Table 
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S5). We found a low mating frequency for C. renggeri, 1.41 ± 0.1 matings per queen (mean ± 
SE). The effective mating frequency (Me,p) and its SE were estimated to be 1.31 ± 0.1 (Table 
2). We also found monogynous (n=19) and polygynous (n=16) colonies across C. rufipes 
colonies, in which the estimated number of queens varied from 1 to 5, totalizing 63 queens 
across all colonies of this species. The effective number of queens in polygynous colonies 
ranged from 1.11 to 5.21 (Supplementary Table S6). The mating frequency was on average 
higher for C. rufipes, estimated in 2.22 ± 0.23 matings per queen, with a slightly higher 
effective frequency (Me,p) of 2.69 ± 0.52 (Table 2). Estimated and effective numbers of 
queens and their mates were not statistically different in both species (Supplementary Table 
S7). The number of queens, mates and total males for each colony are presented in 
Supplementary Tables S5 and S6.  
Table 2.Mean (± SE) number of queens and mating frequency according genetic data 
analyses of Camponotus renggeri and C. rufipes nests. Standard errors are also presented. 
 Camponotus renggeri Camponotus rufipes 
Estimated number of queens (range 
across nests) 
1 – 8 1 – 5 
Effective number of queens 1.93 ± 0.3 1.56 ± 0.18 
Estimated number of mates per queen 1.41 ± 0.1 2.22 ± 0.23 
Effective number of mates per queen 1.31 ± 0.1 2.69 ± 0.52 
 
Our sampling effort was sufficient to detect all matrilines and patrilines within the 
colonies of both Camponotus species. Supporting this sufficiency, non-detection error 
(Pnondetect) due to two male identical genotypes across all loci was low for both species 
(0.000000014 ± 0.000000098 for C. renggeri, and 0.000000011 ± 0.000000089 for C. 
rufipes). Moreover, we did not find significant correlation between the number of sampled 
workers and the total number of estimated queens per nest (Spearman correlation: rho = 
0.231, n = 22 and P= 0.301 for C. renggeri, and rho = -0.055, n = 35 and P= 0.752 for C. 
rufipes). Similarly, there was also no correlation with the total number of estimated males per 
colonies (Spearman correlation: rho = 0.026, n = 22 and P= 0.909 for C. renggeri and rho = -
0.086, n = 35 and P= 0.622 for C. rufipes). 
Genetic relationship within colonies 
 For both species, the relatedness between workers in monogynous colonies was 
close to the theoretical expectation (0.75) and within polygynous colonies relatedness was 
higher than expected for half-sisters (0.25) (Supplementary Figure S1). Specifically, the 
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relatedness (described here in terms of mean ± stardard error) between workers in C. renggeri 
monogynous colonies (0.703 ± 0.0027) was significantly higher than in polygynous colonies 
(0.408 ± 0.0083) (χ2 = 13.878, P= 0.0002). The same pattern was observed between C. rufipes 
workers in monogynous (0.792 ± 0.0014) and polygynous (0.549 ± 0.0054) colonies, with a 
significant difference between them (χ2 = 13.385, P= 0.0003). However, in general the 
relatedness between workers of C. rufipes was significantly higher than the relatedness 
between C. renggeri workers (relatedness difference for monogynous nests: χ2 = 912.19, P= 
2.2-16; relatedness differences for polygynous nests: χ2 = 216.74, P= 2.2-16; Figure 2).  
 Relationship between queens was found to be different for each Camponotus 
species. Queens in polygynous colonies of C. renggeri were not related (0.094 ± 0.0181), 
whereas we found a significantly higher relatedness between C. rufipes queens (0.344 ± 
0.0054) (χ2 = 42.849, P= 5.9-11), which is more than the theoretical values of 0.25 expected 
for half-sisters in haplodiploid organisms (Figure 2; Supplementary Figure S1).  
 Regarding the relatedness between males, although there was a significant 
difference between C. renggeri (0.266 ± 0.0738) and C. rufipes (0.094 ± 0.0163) (χ2 = 11.115, 
P= 0.0009), both values indicate a non-close parentage between males that copulated with a 
single queen, compared to the 0.5 value expected in theory for brothers (Figure 2; 
Supplementary Figure S1). Similarly, we found no statistical genetic relationship between all 
the males in polygynous colonies for both species (0.079 ± 0.0188 for C. renggeri and 0.084 
± 0.0077 for C. rufipes; statistical difference between species: χ2 = 0.057, P= 0.812).  
 For both Camponotus species, queens and their male mates were not closely 
related (0.211 ± 0.0312 for C. renggeri and 0.162 ± 0.0193 for C. rufipes), given that 
relatedness values were lower than predicted by theory (0.25) (Figure 2; Supplementary 
Figure S1). There was no significant difference between these results for C. renggeri and C. 
rufipes (χ2 = 1.982, p = 0.159). These results are consistent with the low inbreeding 
estimations for these species (see below). Detailed estimated relatedness per nest is described 
in Supplementary Tables S5 and S6. 
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Figure 2.Mean Queller and Goodnight’s pairwise genetic relationship for Camponotus 
renggeri (blue arrows) and C. rufipes (green arrows). Genetic relatedness is shown for 
different levels of social relationships: between nestmate workers, considering both 
monogynous and polygynous colonies (Rww); between nestmate queens from polygynous 
colonies (Rqq); between males that copulated with a single queen in mono and polygynous 
nests (Rmm) and between queens and their mates (Rqm). Significant differences between C. 
renggeri and C. rufipes are indicated (*). Image adapted from “Ant life cycle coloring page” 
by Sabine Deviche /CC-by-SA 3.0 (available at 
https://askabiologist.asu.edu/sites/default/files/resources/coloring_pages/pdf/AAB_ant_lifecy
cle.pdf). 
 
Reproductive skew 
 We observed significant maternity skew in 4 of the 11 C. renggeri polygynous 
colonies, but only one tended to monopolization by a single queen. From the total of 51 
queens, 16 mated more than once, but only two of these queens presented significant skew 
among multiple mates, with no evidence of monopolization. For the 16 C. rufipes polygynous 
colonies, 10 presented significant maternity skew, from which 5 tended to monopolization of 
reproduction by a single queen. From the total of 63 inferred C. rufipes queens, 30 copulated 
with more than one male and in just three of them there was significant skew among multiple 
males. Similarly to C. renggeri, we did not detect evidence of monopolization among C. 
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rufipes males. Estimated reproductive skews per colony are described in Supplementary 
Tables S5 and S6. Due to the low frequency of paternity skew in both Camponotus species 
and of maternity skew in C. renggeri, which would reduce the power of analysis, we were 
only able to model maternity skew in response to number and relatedness between nestmate 
queens for C. rufipes. Thus, for C. rufipes the model that best explained the patterns of 
maternity skew was the one including number of queens (wAICc = 0.928; Table 3). The 
coefficient slope of this model was significant and negative (Supplementary Figure S2). 
Table 3.Model Selection for significant maternity skew in Camponotus rufipes. 
Model  K ΔAICc wAICc 
Number of queens  3 0.0 0.928 
Relatedness between queens  3 22.5 <0.001 
Number of queens + Relatedness between queens  4 5.1 0.072 
Null  3 21.9 <0.001 
K number of estimated parameters in each model; ΔAICc difference between Akaike 
Information Criteria corrected for small samples between each model and the best model; 
wAICc Akaike’s weight of evidence of each model. Null model represents absence of effect. 
Best models are highlighted in bold. 
 
Contribution of polygyny and polyandry to colony genetic diversity  
 The inbreeding coefficient, FIS (mean ± SE), within colonies was very low for 
both C. renggeri (-0.354 ± 0.0444) and C. rufipes (-0.444 ± 0.0183), which is in agreement 
with the low relatedness between queens and their male mates in both ant species. For C. 
renggeri, at the colony level, expected heterozygosity was HE = 0.473 ± 0.0186, allelic 
richness was A = 2.745 ± 0.1654, private allelic richness was pA = 0.098 ± 0.0183 and colony 
effective number was Ne= 3.5 ± 0.4779. Similar numbers were recorded for C. rufipes 
colonies, HE = 0.492 ± 0.0183, A = 2.809 ± 0.1719, pA = 0.069 ± 0.0134 and Ne= 3.657 ± 
0.38. The FIS, HE, A, pA and Ne estimations for each colony are presented in the 
Supplementary Tables S5 and S6. In fact, the four parameters of genetic diversity (HE, A, pA 
and Ne) were statistically undistinguishable between Camponotus species (Supplementary 
Table S8), revealing that C. renggeri and C. rufipes presented similar levels of genetic 
variation within the colonies. However, interestingly, we found different responses of each ant 
species when modeling these parameters and between-worker relatedness, as a function of the 
effective number of queens and mates. Relatedness between C. renggeri workers was best 
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explained by the model which includes effective number of queens (wAICc = 0.81; Table 4), 
whose beta coefficient was significant and negative (Supplementary Figure S3a). The number 
of queens also best explained HE (wAICc = 0.82), A (wAICc = 0.81), pA (wAICc = 0.79) and 
Ne (wAICc = 0.8) (Table 4), all of them with a beta coefficient positive and significant 
(Supplementary Figure S3b-e). Contrastingly, for C. rufipes the model with both effective 
number of queens and their mates (“Queens + Mates”) was the one that best explained 
relatedness between workers (wAICc = 0.99), HE (wAICc = 0.81) and A (wAICc = 1) (Table 
5), with significant beta coefficients, but negative for the first one and positive for the last two 
response variables (Supplementary Figure S4a-c). The “Mates” model best explained the 
increasing of pA in C. rufipes nests (wAICc = 0.61; Table 5; Supplementary Figure S4d). 
Moreover, similarly to C. renggeri, the model “Queens” alone was the best associated with 
Ne in C. rufipes (wAICc = 0.75; Table 5), with also a significant and positive beta coefficient 
(Supplementary Figure S4e). 
 We did not find correlation between effective number of queens and mates for C. 
renggeri (Spearman correlation: rho = 0.262, n = 22 and P = 0.238). In contrast, this 
correlation was positive and significant for C. rufipes (Spearman correlation: rho = 0.584, n = 
35 and P= 0.0002), but once it was less than 0.7 we kept the both effective number of queens 
and mates variables in our model selection analyses of this species.  
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Table 4. Model selection for genetic diversity statistics within Camponotus renggeri colonies in response to effective number of queens and their 
mates. 
 Rww  HE  A  pA  Ne 
Model K ΔAICc wAICc  K ΔAICc wAICc  K ΔAICc wAICc  K ΔAICc wAICc  K ΔAICc wAICc 
Queens 3 0.0 0.81  3 0.0 0.82  3 0.0 0.81  3 0.0 0.79  3 0.0 0.8 
Mates 3 40.5 <0.001  3 22.6 <0.001  3 43.3 <0.001  3 14.8 <0.001  3 58.7 <0.001 
Queens + Mates 4 2.9 0.19  4 3.0 0.18  4 2.9 0.19  4 2.7 0.21  4 2.8 0.2 
Null model 3 40.6 <0.001  3 22.6 <0.001  3 43.3 <0.001  3 14.6 <0.001  3 58.2 <0.001 
Rww relatedness between workers within colonies; HE expected heterozygosity; A rarefied allelic richness; pA rarified private allelic richness; 
Necolony effective number; K number of estimated parameters in each model; ΔAICc difference between Akaike Information Criteria corrected 
for small samples between each model and the best model; wAICcAkaike’s weight of evidence of each model. Null model represents absence of 
effect. Best models are highlighted in bold. 
 
Table 5.Model selection for genetic diversity statistics within Camponotus rufipes colonies in response to effective number of queens and their 
mates. 
 Rww  HE  A  pA  Ne 
Model K ΔAICc wAICc  K ΔAICc wAICc  K ΔAICc wAICc  K ΔAICc wAICc  K ΔAICc wAICc 
Queens 3 12.4 0.0021  3 3.0 0.1853  3 18.3 <0.001  3 3.0 0.135  3 0.0 0.75 
Mates 3 27.2 <0.001  3 11.8 0.0022  3 35.4 <0.001  3 0.0 0.605  3 57.6 <0.001 
Queens + Mates 4 0.0 0.9979  4 0.0 0.8124  4 0.0 1  4 2.5 0.171  4 2.2 0.25 
Null model 3 59.4 <0.001  3 32.5 <0.001  3 71.1 <0.001  3 3.8 0.089  3 74.9 <0.001 
Rww relatedness between workers within colonies; HE expected heterozygosity; A rarefied allelic richness; pA rarified private allelic richness; 
Necolony effective number; K number of estimated parameters in each model; ΔAICc difference between Akaike Information Criteria corrected 
for small samples between each model and the best model; wAICcAkaike’s weight of evidence of each model. Null model represents absence of 
effect. Best models are highlighted in bold.
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DISCUSSION 
 In this study we compared the breeding systems of two related ant species and 
evaluated their outcomes for colony genetic diversity. Previous studies classified the ant 
genus Camponotus as predominantly monogynous due to life-history features such as high 
aggressiveness, caste polymorphism and independent colony foundation (Hölldobler & 
Wilson 1990; Crozier & Pamilo 1996). Despite the evidence for polygyny based on colony 
genetic structure reported for some Camponotus species as C. ligniperdus (Gadau et al. 1998), 
C. ocreatus (Goodisman & Hahn 2004) and C. festinatus (Goodisman & Hahn 2005), the 
frequency of colonies headed by multiple queens was low in these studies. In contrast, we 
observed that both Camponotus renggeri and C. rufipes exhibit facultative polygyny, which 
was common among colonies. Ronque et al. (2016) reported the occurrence of multiple 
queens within C. renggeri and C. rufipes nests, but only now using molecular tools we 
confirmed the functionality of polygyny in these species. Additionally, although C. rufipes 
queens were found to mate more frequently than C. renggeri queens, both species copulate 
with few males (less than three), which is in agreement with the expected for the genus 
(Hasegawa 1995; Gadau et al. 1996; Gadau et al. 1998). The degree of relatedness between 
the reproductive castes (males and queens and all males within nests) was consistently lower 
than the theoretical expectations for sibs. In addition, we observed low values of inbreeding 
within nests. Altogether, these results revealed that C. renggeri and C. rufipes probably have 
efficient mechanisms to avoid mating among relatives. In ants, these mechanisms can be 
chemical, by avoiding individuals with similar nest pheromones, or temporal, with males and 
queens flying out of colonies at different times (Hölldobler & Wilson 1990).  
 In addition to the similarities discussed above, workers in polygynous colonies of 
C. rufipes and C. renggeri were less related than the workers in monogynous colonies. The 
magnitude, however, differed when we compared both species, with C. rufipes presenting 
relatedness values significantly higher than C. renggeri. The underlying causes of this 
difference are probably the remarkable differences we found in their breeding systems. The 
first important difference is regarding queens’ genetic relationship. C. renggeri queens in 
polygynous colonies were not related. The association among unrelated foundresses in new 
colonies is thought to increase colony survival probability, due to higher quality and faster 
production of workers (Steiner et al. 2010). Generally, this condition is limited to immature 
colonies, since only one queen survives, which turns polygyny an uncommon feature of 
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established ant colonies (Steiner et al. 2010). Determining colony age during sampling was 
not viable because it demands colony monitoring, a task specially challenging for C. renggeri 
due to low persistence of the nests (Ronque et al. 2016). Although we did not evaluate 
polygyny persistence over time, this life-history trait could be associated with the use of 
predominantly fallen dead trunks as nests by C. renggeri. Such fragile material is more likely 
to be destroyed by environmental conditions and may become a limitation for the 
establishment of new nests (Ronque 2013). Moreover, the nomadic trait of C. renggeri would 
be difficult for a solitary foundress, which would carry all her first offspring to a new nest 
location. These both limitations could be favoring polygyny in C. renggeri. Differently, C. 
rufipes queens in polygynous colonies were found to be related (relatedness values higher 
than expected for half-sisters), and although it was not possible to determine if this condition 
persists in mature colonies, this finding brings new insights on adult dispersal and colony 
foundation in this species. Under circumstances in which dispersal is mediated by flight, 
inseminated queens are very unlikely to return to their natal nests or join with sisters to form a 
new colony (Crozier & Pamilo 1996; Peeters & Molet 2010). This suggests that in C. rufipes 
gynes may copulate close to their natal sites and sisters remain together to form a new colony. 
Additionally, polygyny is also associated with polydomy in many ants (Crozier & Pamilo 
1996), a trait also exhibited by C. rufipes (Matta et al. 2013; Ronque et al. 2016). Thus, new 
nests would be formed by budding polygynous nests that remain interconnected (Steiner et al. 
2010). We do not discard oligogyny within C. renggeri and C. rufipes polygynous colonies, 
with multiple queens coexisting but occupying different places within nests (Hölldobler & 
Wilson 1990), but this should be addressed by further investigation. Another remarkable 
difference between the two focal species of this study was related with the reproductive skew 
among queens, which was rare within C. renggeri colonies. In contrast, maternity skew was 
more frequent within C. rufipes polygynous nests and it tended to be lower with the increase 
of queen number. According theoretical models proposed to reproductive skew, it tended to 
be lower as larger the group size is (Michener 1964; Reeve & Emlen 2000). Additionally, 
reproductive skew is predicted to be present a positive relationship with genetic relatedness 
between breeders (Reeve & Keller 2001), which we did not find for C. rufipes. Thus, C. 
rufipes reproductive partitioning is not entirely according mathematical expectations. Other 
ant species also present variation in reproductive sharing in response to those variables. For 
instance, Formica exsecta present high number of queens inside colonies with low levels of 
reproductive skew (Haag-Liautard et al. 2008). On the other hand, queen number was not a 
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good predictor of reproductive skew in Formica fusca, which is best explained by the genetic 
relatedness between nestmate queens (Hannonen & Sundström 2003). Neither queen number 
and the relatedness between them was found to affect the reproductive sharing in Pheidole 
pallidula (Fournier & Keller 2004), revealing that such variables may have different impacts 
depending on ant species.  
 Interestingly, the importance of polygyny and polyandry for colony genetic 
diversity differed between C. renggeri and C. rufipes. In C. renggeri we found that the 
number of queens was the most important variable in determining the genetic relatedness 
among workers, as well responsible for increasing all the genetic diversity parameters 
evaluated. Probably, the low mating frequency of this species (1.41 in average) makes 
polyandry less relevant and, consequently, confers to the joining queens the most probable 
way of raising genetic variation inside the colonies. Contrastingly, for C. rufipes, that 
presented a higher mating frequency (2.69 in average), both polygyny and polyandry were 
found to reduce worker relatedness and increase the expected heterozygosity and allelic 
richness. In this species, only polyandry led to an increase of private alleles inside the 
colonies. Such result suggests that the males are responsible for bringing new alleles for C. 
rufipes colonies, which makes sense since closely related queens were found coexisting. For 
both C. renggeri and C. rufipes we observed a positive association between the effective size 
of the colonies and queen number. Such finding put these Camponotus species in agreement 
with the hypothesis that polygyny is responsible for improving the naturally low effective 
population sizes of ants, taking them out of extinction risk (Wilson 1971; MacArthur & 
Wilson 1967). Although we could not assess the ecological pressures leading to polygyny in 
these species, our results suggested that multiple queens also have an evolutionary importance 
for increase genetic diversity in C. renggeri and C. rufipes, a trait previously conferred mainly 
by polyandry (Crozier & Page 1985; Hughes et al. 2008). 
 The present work also showed that, even presenting different breeding strategies, 
C. renggeri and C. rufipes have undistinguishable levels of genetic diversity within nests. 
Thus, despite discrepancies in natural history, ecology and reproductive traits, such different 
evolutionary pathways might lead to similar genetic variation outcomes. However, it is 
important to reinforce that these similar outcomes present at the colony level may change 
through higher organization scales. For instance, at the population level (i.e. considering the 
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set of colonies in a given area), C. renggeri and C. rufipes may exhibit different patterns of 
genetic variation and distribution across the space (Ronque et al. 2016). 
 In conclusion, this study contributed for the knowledge of the breeding systems of 
C. renggeri and C. rufipes, reinforcing the natural history differences previously found in 
these species (Ronque et al. 2016). Polygynous colonies of C. renggeri exhibited non-related 
nestmate queens, with or without reproductive skew among them, mating with one or a few 
males. In this species queen number accounts for the genetic variability within colonies. In 
contrast, polygynous colonies of C. rufipes frequently have closely related queens, with 
higher levels of polyandry than C. renggeri, and increased reproductive skew among nestmate 
queens. Queens and males both contribute for colony genetic diversity in C. rufipes. Despite 
these differences, the two species presented similar levels of genetic diversity within colonies, 
making them interest systems to further investigations on the contribution of polygyny and 
polyandry for the evolution of eusociality in ants. 
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SUPPLEMENTARY INFORMATION 
Table S1. Nest identification codes (ID) for Camponotus renggeri and C. rufipes, and nest 
geographic coordinates in meters in WGS 84 Geographic Coordinate System. 
Species ID Latitude (S) Longitude (W) 
C. renggeri G1 22.27684 47.15596 
C. renggeri G2 22.25502 47.16582 
C. renggeri G3 22.25244 47.1661 
C. renggeri G4 22.25579 47.17992 
C. renggeri G5 22.25102 47.18096 
C. renggeri G6 22.25276 47.1875 
C. renggeri G7 22.26916 47.18447 
C. renggeri G9 22.27279 47.155 
C. renggeri G11 22.24462 47.16158 
C. renggeri G12 22.26573 47.18318 
C. renggeri G14 22.26638 47.18761 
C. renggeri G15 22.2677 47.19378 
C. renggeri G16 22.2861 47.14781 
C. renggeri G17 22.29016 47.15212 
C. renggeri G18 22.28756 47.15204 
C. renggeri G19 22.28171 47.14438 
C. renggeri G20 22.252 47.15864 
C. renggeri G21 22.25154 47.17063 
C. renggeri G22 22.25359 47.15513 
C. renggeri G23 22.25641 47.1513 
C. renggeri G24 22.24909 47.17544 
C. renggeri G25 22.25623 47.15802 
C. rufipes F1 22.18997 47.14945 
C. rufipes F2 22.21465 47.1469 
C. rufipes F3 22.215 47.15936 
C. rufipes F4 22.25792 47.15198 
C. rufipes F5 22.18744 47.16677 
C. rufipes F6 22.19792 47.15802 
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Species ID Latitude (S) Longitude (W) 
C. rufipes F7 22.25496 47.18012 
C. rufipes F8 22.25131 47.18295 
C. rufipes F9 22.23865 47.15106 
C. rufipes F10 22.26585 47.19291 
C. rufipes F11 22.26265 47.1921 
C. rufipes F12 22.26928 47.16883 
C. rufipes F13 22.25903 47.17201 
C. rufipes F14 22.26041 47.18756 
C. rufipes F15 22.26324 47.18502 
C. rufipes F16 22.27335 47.1546 
C. rufipes F17 22.26766 47.15434 
C. rufipes F18 22.26224 47.15719 
C. rufipes F19 22.24514 47.16246 
C. rufipes F20 22.23037 47.14425 
C. rufipes F21 22.26647 47.14403 
C. rufipes F22 22.26782 47.18141 
C. rufipes F23 22.2717 47.17984 
C. rufipes F24 22.2668 47.18733 
C. rufipes F25 22.26957 47.19263 
C. rufipes F26 22.27748 47.18165 
C. rufipes F27 22.27877 47.17951 
C. rufipes F28 22.29013 47.15194 
C. rufipes F29 22.28646 47.14602 
C. rufipes F30 22.28181 47.14431 
C. rufipes F31 22.25158 47.17133 
C. rufipes F32 22.2513 47.16953 
C. rufipes F33 22.25599 47.15463 
C. rufipes F34 22.25682 47.14694 
C. rufipes F35 22.25568 47.17268 
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Table S2. Volume of chemicals (µL) for each PCR modification for multiplexing 
microsatellite amplification in Camponotus renggeri and C. rufipes. PCR were carried out at a 
final volume on 10 µL. For both C. renggeri and C. rufipes microsatellite fragments 
amplification, PCR were carried out following procedures described in Azevedo-silva et al. 
(2015), with four different modifications for multiplexing (Table S2), depending on primer set 
(Table S3 and S4). All loci were amplified using touchdown termocycling conditions: 94ºC 
for 4 min; 10× [94ºC for 45sec, 60 or 57ºC (-0,5ºC/cycle) for 1 min and 72ºC for 1 min 15 
sec]; 25× [94ºC for 45 sec, 50ºC for 1 min and 72ºC for 1 min 15 sec]; and 72ºC for 10 min. 
Chemicals 
Standard 
PCR 
Modifications 
I II III IV 
 MilliQ H2O 3.6 3.4 3.6 3.3 3.1 
MgCl2 (25mM) 1.2 1.2 1.2 1.2 
1.2 
 
Buffer 10X 1.0 1.0 0.8 1.0 1.0 
dNTP (10mM) 0.8 0.8 0.8 0.8 0.8 
BSA (5µg/µL) 0.8 0.8 0.8 0.8 0.8 
Primer Forward 1 
(10mM) 
0.1 0.1 0.1 0.1 0.15* 
Primer Reverse 1 
(10mM) 
0.1 0.1 0.1 0.1 0.15* 
Primer Forward 2 
(10mM) 
- 0.1 0.1 0.1 0.1 
Primer Reverse 2 
(10mM) 
- 0.1 0.1 0.1 0.1 
Primer Forward 3 
(10mM) 
- - - - 0.1 
Primer Reverse 3 
(10mM) 
- - - - 0.1 
IR Dye  0.1 0.1 0.1 0.2 0.1 
Taq DNA 
Polymerase 
0.3 0.3 0.3 0.3 0.3 
Template DNA 
(0.75ng/ µL) 
2.0 2.0 2.0 2.0 2.0 
* Primer pair of microsatellite locus with the largest size in the multiplex. 
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Table S3. Multiplex, amplification conditions and characteristics of 17 microsatellite markers genotyped for Camponotus renggeri in this study. 
Multiplex 
number 
LI-COR 
IRDye 
Locus TD (ºC) PCR Alocus HE fAnull 
Genotypic 
Error 
1 
700 
Cru10 
57-52 I 
14 0.862 0.018 0.033 
Cru08 5 0.610 0 0 
800 
Cru02 
57-52 I 
5 0.587 0 0 
Cgg13 4 0.679 0.038 0.033 
2 
700 
Cgg01 
57-52 I 
9 0.590 0.007 0.033 
Cgg04 8 0.396 0 0.067 
800 Cru09 57-52 Std 19 0.843 0.064 0.033 
3 
700 
Cru14 
60-55 II 
5 0.564 0 0.033 
Cru05† 17 0.820 0.141 0.067 
800 Cru15 60-55 Std 6 0.793 0 0 
4 
700 
Cgg09 
57-52 III 
4 0.214 0.056 0 
Cru04 17 0.750 0.020 0.067 
800 Cgg08 57-52 Std 3 0.569 0 0 
5 
700 Cru17 57-52 Std 10 0.699 0.003 0 
800 Cgg06 57-52 Std 8 0.462 0.004 0.069 
6 
700 Cgg14 57-52 Std 16 0.886 0 0.038 
800 Cru13 57-52 Std 21 0.900 0.043 0.033 
TD range of temperature for touchdown PCR Amplification; Alocusallelic richness; HE expected heterozygosity; fAnull null allele 
frequency; Std standard PCR protocol. 
† Locus with significant departure from Hardy-Weinberg equilibrium 
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Table S4. Multiplex, amplification conditions and characteristics of 17 microsatellite markers genotyped for Camponotus rufipes in this study. 
Multiplex 
number 
LI-COR 
IRDye 
Locus TD (ºC) PCR Alocus HE fAnull 
Genotypic 
Error 
1 700 
Cru07 
57-52 IV 
10 0.676 0.048 0.034 
Cru03 4 0.523 0.031 0 
Cgg11 10 0.830 0.069 0.069 
2 
700 
Cru11 
57-52 III 
19 0.866 0.068 0 
Cru16 4 0.703 0.050 0 
800 Cru15† 60-55 Std 11 0.799 0.129 0 
3 
700 
Cgg13 
57-52 I 
11 0.784 0.031 0 
Cgg07 15 0.894 0.030 0.069 
800 Cru08 57-52 Std 8 0.762 0.034 0 
4 
700 Cgg04 57-52 Std 15 0.833 0.108 0.034 
800 Cru04† 57-52 Std 9 0.831 0.106 0.034 
5 
700 Cru13 57-52 Std 15 0.856 0.022 0 
800 Cru17 57-52 Std 16 0.822 0.003 0.069 
6 
700 Cgg01 57-52 Std 20 0.847 0.006 0 
800 Cru01† 60-55 Std 19 0.859 0.154 0.069 
7 
700 Cru05† 60-55 Std 25 0.883 0.019 0.069 
800 Cru09 57-52 Std 29 0.944 0.018 0.083 
TD: range of temperature for touchdown PCR Amplification; Alocus: allelic richness; HE: expected heterozygosity; fAnull: null allele frequency; Std 
standard PCR protocol 
† Loci with significant departure from Hardy-Weinberg equilibrium 
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Table S5. Characteristics of Camponotus renggeri colonies from Mogi-Guaçu, state of São Paulo, Brazil. 
Nest nw nq Me,p(q) nm Me,p(m) Rww Rqq Rmm_all Rmm Rqm Sq Sm FIS HE A pA Ne 
G1 20 5 3.24 1.8 1.67 0.20 0.00 0.03 0.07 0.21 0.10* -0.05; -0.25* -0.08 0.59 3.85 0.15 5 
G2 20 2 1.91 2 1.28 0.69 0.69 0.70 0.73 0.33 0.02 0.32; 0.18 -0.33 0.40 2.22 0.07 3 
G3 20 1 1 1 1 0.78 - - - -0.06 - - -0.65 0.39 2.04 0.02 2 
G4 20 1 1 1 1 0.71 - - - -0.15 - - -0.60 0.46 2.26 0.06 2 
G5 20 1 1 1 1 0.67 - - - -0.13 - - -0.57 0.47 2.35 0.06 2 
G6 20 6 3.54 1.2 1 0.27 0.08 0.01 0.15 0.41 0.11* -0.25 0.05 0.54 3.74 0.16 5 
G7 20 1 1 1 1 0.76 - - - 0.16 - - -0.42 0.33 1.99 0.12 2 
G9 20 5 4.34 1.2 1.16 0.14 0.09 -0.07 -0.07 -0.02 0.03 -0.11 -0.09 0.62 3.99 0.2 7 
G11 20 8 5.62 1.3 1.32 0.19 0.12 0.09 0.32 0.44 0.05 -0.11 -0.04 0.58 3.92 0.12 9 
G12 20 2 1.11 1.5 1.06 0.67 -0.13 0.43 0.79 0.32 0.38† 0.37* -0.37 0.40 2.34 0.04 3 
G14 20 1 1 1 1 0.67 - - - -0.10 - - -0.56 0.50 2.43 0.09 2 
G15 20 2 2.08 1 1 0.49 0.38 0.10 - -0.01 -0.02 - -0.34 0.50 2.81 0.13 5 
G16 20 2 2.10 1.5 1.14 0.32 -0.09 0.14 0.44 0.10 -0.02 0.25 -0.20 0.57 3.26 0.1 3 
G17 20 1 1 1 1 0.63 - - - -0.02 - - -0.45 0.47 2.44 0.07 2 
G18 20 2 1.36 2.0 2 0.70 0.51 0.29 0.44 0.35 0.22* -0.22 -0.52 0.43 2.34 0.13 2 
G19 20 1 1 1 1 0.70 - - - 0.09 - - -0.48 0.43 2.17 0.02 2 
G20 12 1 1 2 2.09 0.71 - 0.74 0.74 0.35 - -0.03 -0.41 0.42 2.17 0 2 
G21 10 1 1 2 2.09 0.60 - 0.70 0.70 0.06 - -0.03 -0.44 0.49 2.45 0.13 2 
G22 9 1 1 1 1 0.81 - - - -0.02 - - -0.60 0.37 2.06 0 2 
G23 14 2 1.56 1 1 0.60 0.09 0.01 - 0.22 0.13 - -0.21 0.43 2.81 0.1 3 
G24 11 4 4.66 2 1.68 0.10 0.05 -0.02 -0.11 0.10 -0.05 0; -0.22; -0.25 -0.05 0.65 4.59 0.39 9 
G25 14 1 1 2 2.09 0.71 - 0.80 0.80 0.20 - -0.03 -0.43 0.37 2.16 0 3 
nw number of workers sampled; nq number of queens and nm mean number of mates per queen estimated by COLONY v2.0 (Jones & Wang 
2010); Me,p(q) effective number of queens and Me,p(m) effective mates per queen following Nielsen et al. (2003); Rww relatedness between workers, 
Rqq nestmate queens in polygynous nests, Rmm_all all males in polygynous nests, Rmm mates of a single queenand Rqm queens and their male mates 
calculated using the algorithm of Queller and Goodnight  (1989), implemented in the software Coancestry v1.0.1.5 (Wang 2011); Sq queen 
reproductive skew and Sm mates reproductive skew (of queens that copulated more than once) calculated in the software SKEW CALCULATOR 
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(Nonacs 2000); * significant skew;  † significant skew that tended to monopolization; FIS Weir & Cockerham’s inbreeding coefficient (1984) 
estimated in the program  FSTAT v2.9.3.2 (Goudet 1995); HE expected heterozygosity calculated using the package ‘PopGenReport’ 
(Adamack& Gruber 2014) in R software (R  Development Core Team 2013);  A allelic richness and pA private allelic richness by rarefaction 
method proposed by Kalinowski (2004) and implemented in the program HP-Rare (Kalinowski 2005); Ne effective colony size according Wang 
(2009) and implemented in the program COLONY v2.0 (Jones & Wang 2010); “-“ not applicable.  
Table S6. Characteristics of Camponotus rufipes colonies from Mogi-Guaçu, state of São Paulo, Brazil. 
Nest nw nq Me,p(q) nm Me,p(m) Rww Rqq Rmm_all Rmm Rqm Sq Sm FIS HE A pA Ne 
F1 20 2 2.08 5 4.46 0.37 0.73 0.13 0.16 0.11 -0.02 0.02; 0 -0.17 0.68 4.49 0.24 4 
F2 20 5 5.03 2.20 2.61 0.25 0.17 0.02 0.01 0.12 -0.01 0; 0.08; -0.11  -0.11 0.69 4.88 0.07 9 
F3 20 2 1.11 1 1 0.74 0.04 0.11 - 0.49 0.38† - -0.28 0.43 2.54 0 2 
F4 20 2 1.11 1.50 1.06 0.80 0.28 0.47 0.52 0.53 0.38† 0.37* -0.41 0.41 2.32 0.03 2 
F5 20 1 1 1 1 0.79 - - - 0.31 - - -0.44 0.38 2.17 0 3 
F6 20 1 1 1 1 0.72 - - - -0.07 - - -0.49 0.50 2.51 0.03 3 
F7 20 1 1 2 1.50 0.85 - 0.61 0.61 0.31 - 0.16* -0.71 0.44 2.11 0 2 
F8 20 1 1 2 1.91 0.80 - 0.84 0.84 0.45 - 0.02 -0.51 0.40 2.14 0 2 
F9 20 1 1 1 1 0.82 - - - 0.10 - - -0.62 0.43 2.18 0.03 3 
F10 22 1 1 1 1 0.76 - - - 0.02 - - -0.60 0.50 2.47 0.12 2 
F11 20 1 1 1 1 0.79 - - - 0.31 - - -0.47 0.45 2.31 0.12 2 
F12 20 1 1 2 1.93 0.82 - 0.80 0.80 0.39 - 0.01 -0.46 0.39 2.17 0.06 2 
F13 20 1 1 1 1 0.74 - - - -0.02 - - -0.55 0.49 2.47 0.01 3 
F14 18 1 1 1 1 0.78 - - - 0.13 - - -0.55 0.48 2.41 0.06 2 
F15 19 5 5.21 3.40 4.94 0.23 0.30 0.03 0.00 0.10 -0.01 
-0.03;-0.14;-
0.22;-0.22;-
0.25 
-0.11 0.69 5.43 0.05 12 
F16 20 2 1.91 1 1 0.73 0.79 0.85 - 0.15 0.02 - -0.44 0.45 2.37 0.06 3 
F17 20 1 1 1 1 0.82 - - - 0.14 - - -0.61 0.41 2.20 0.03 3 
F18 20 1 1 1 1 0.73 - - - -0.11 - - -0.63 0.56 2.59 0.14 3 
F19 20 3 3.18 4.33 4.86 0.49 0.68 0.20 0.18 0.22 -0.02 -0.1; 0.01; -0.1 -0.14 0.61 4 0.14 7 
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Table S6. Continued 
Nest nw nq Me,p(q) nm Me,p(m) Rww Rqq Rmm_all Rmm Rqm Sq Sm FIS HE A pA Ne 
F20 20 3 2.33 3 2.49 0.38 0.48 0.07 0.06 0.15 0.09* 0.02; 0.04 -0.15 0.62 4.13 0.10 5 
F21 19 3 3.18 5.33 10.38 0.22 0.30 0.02 0.02 0.02 -0.02 
0.01;-0.12;-
0.19 
-0.10 0.70 4.99 0.13 7 
F22 20 1 1 1 1 0.73 - - - -0.02 - - -0.53 0.50 2.35 0.01 2 
F23 20 4 2.55 3.75 6.48 0.23 0.21 0.02 0.03 0.03 0.13* -0.06;-0.25;0 -0.12 0.70 5.12 0.19 6 
F24 20 1 1 1 1 0.89 - - - 0.45 - - -0.59 0.33 1.94 0.06 4 
F25 20 1 1 2 2.08 0.86 - 0.86 0.86 0.53 - -0.02 -0.42 0.31 1.88 0.01 3 
F26 20 1 1 1 1 0.78 - - - 0.06 - - -0.62 0.52 2.47 0.23 2 
F27 20 2 1.23 2.50 1.31 0.82 0.57 0.59 0.69 0.37 0.29* -0.25;-0.27* -0.43 0.41 2.41 0.23 3 
F28 20 2 1.11 1 1 0.81 0.55 0.65 - 0.47 0.38† - -0.56 0.46 2.32 0.25 2 
F29 20 1 1 1 1 0.77 - - - 0.02 - - -0.54 0.46 2.35 0 3 
F30 20 2 1.23 1 1 0.66 0.11 0.02 - -0.02 0.29* - -0.47 0.51 2.71 0 3 
F31 11 2 1.22 1 1 0.84 0.71 0.59 - 0.50 0.29† - -0.56 0.38 2.04 0 4 
F32 9 1 1 1 1 0.73 - - - -0.08 - - -0.52 0.50 2.47 0 2 
F33 15 1 1 2 2.04 0.81 - 0.76 0.76 0.40 - -0.01 -0.55 0.42 2.22 0 3 
F34 21 3 1.87 1.67 1.11 0.52 0.42 0.17 0.26 0.15 0.19* -0.25 -0.34 0.59 3.01 0.03 6 
F35 19 2 1.12 1 1 0.88 0.75 0.59 - 0.49 0.37† - -0.71 0.42 2.14 0 4 
nw number of workers sampled; nq number of queens and nm mean number of mates per queen estimated by COLONY v2.0 (Jones & Wang 
2010); Me,p(q) effective number of queens and Me,p(m) effective mates per queen following Nielsen et al. (2003); Rww relatedness between workers, 
Rqq nestmate queens in polygynous nests, Rmm_all all males in polygynous nests, Rmm mates of a single queenand Rqm queens and their male mates 
calculated using the algorithm of Queller and Goodnight  (1989), implemented in the software Coancestry v1.0.1.5 (Wang 2011); Sq queen 
reproductive skew and Sm mates reproductive skew (of queens that copulated more than once) calculated in the software SKEW CALCULATOR 
(Nonacs 2000); * significant skew;  † significant skew that tended to monopolization; FIS Weir & Cockerham’s inbreeding coefficient (1984) 
estimated in the program  FSTAT v2.9.3.2 (Goudet 1995); HE expected heterozygosity calculated using the package ‘PopGenReport’ 
(Adamack& Gruber 2014) in R software (R Development Core Team 2013);  A allelic richness and pA private allelic richness by rarefaction 
method proposed by Kalinowski (2004) and implemented in the program HP-Rare (Kalinowski 2005); Ne effective colony size according Wang 
(2009) and implemented in the program COLONY v2.0 (Jones & Wang 2010); “-“ not applicable.
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Table S7.Likelihood ratio for testing significant differences between the number of queens 
(and their mates) estimated in COLONY (Jones & Wang 2010) and effective number of 
queens (and their mates) according to Nielsen et al. (2003) for Camponotous renggeri and C. 
rufipes. 
 C. renggeri  C. rufipes 
Breeder χ2 p  χ2 p 
Queens 0.575   0.448  0.869 0.351 
Mates 0.561   0.454  0.685 0.408 
χ2 Likelihood ratio Chi-squared statistics; p p-value. 
 
 
Table S8. Likelihood ratio test for testing significant differences in parameters of colony 
genetic diversity between Camponotus renggeri and C. rufipes. 
Genetic diversity parameter  χ2  p 
HE  0.511  0.475 
A  0.066  0.798 
pA  1.696  0.193 
Ne  0.069  0.794 
χ2 Likelihood ratio Chi-squared statistics; p p-value. 
 
 
 
 
 
 
51 
 
 
 
 
Figure S1. Box plots representing the distribution of Queller and Goodnight’s pairwise 
relatedness for Camponotus renggeri (blue triangles) and C. rufipes(green circles). Boxes 
indicate interquartile range (upper line,quartile 3; lower line, quartile 1). Horizontal lines 
within the boxes indicate median and whiskers represent the minimum and the maximum 
values. Different relatedness ranges are shown for different levels of social relationships: 
between nestmate workers within monogynous (Rww
1) and polygynous (Rww
2) colonies; 
between nestmate queens from polygynous colonies (Rqq); between all males that copulated 
with different queens in polygynous colonies (Rmm_all); between males that copulated with a 
single queen in mono and polygynous nests (Rmm) and between queens and their mates (Rqm). 
Significant differences between C. renggeri and C. rufipes are indicated (*). 
 
 
 
Figure S2. Beta coefficient plots for the relationship between significant maternity skew and 
number of queens within C. rufipes nests. Point represents the regression coefficient and lines 
the 90% confidence intervals.  
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Figure S3. Beta coefficient plots for the relationship between number of queens (model 
named as “Queens”) and (a) relatedness between nestmate workers; (b) expected 
heterozygosity; (c) rarified allelic richness; (d) rarified private allelic richness and (e) colony 
effective size within Camponotus renggeri nests. Point represents the regression coefficient 
and lines the 90% confidence intervals.  
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Figure S4. Beta coefficient plots for the relationship between number of queens (model 
named as “Queens”) and (a) relatedness between nestmate workers; (b) expected 
heterozygosity; (c) rarified allelic richness; (d) rarified private allelic richness and (e) colony 
effective size within Camponotus rufipes nests. Point represents the regression coefficient and 
lines the 90% confidence intervals.  
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Capítulo II 
 
 
Comparative and multiscale landscape genetics of 
Camponotus species from the Brazilian savanna: Do 
ants need environmental conservation? 
 
Marianne Azevedo-Silva, Marina C. Côrtes, Carolina S. Carvalho, Gustavo M. Mori, João L. 
Santos, Anete P. Souza and Paulo S. Oliveira 
 
 
 
 
 
 
Pretendemos submeter o artigo resultante do Capítulo II para o periódico Molecular Ecology. 
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ABSTRACT 
 Over the past two centuries, the neotropics have experienced drastic 
environmental changes and huge biodiversity loss. Predicting its consequences to species 
requires elucidating patterns and processes in different spatial and temporal scales. Due to 
their high abundance, diverse ecological roles, and vulnerability to environmental alterations, 
ants have been stressed as promising organisms to reveal the effects of ecosystems changes, 
which make them good models for conservation studies, especially in threatened habitats such 
as the Brazilian savannas known as Cerrado. Two ant species are particularly relevant by their 
abundance and ecological importance in the Cerrado: Camponotus renggeri and C. rufipes. In 
order to evaluate comparatively how these Camponotus species respond to landscape 
composition, we used a multiscale landscape genetics approach, which has been demonstrated 
to be a valuable tool to access species response to environmental features. At the colony level, 
we found that the number of queens, and consequently genetic diversity, is much more 
affected by the surrounding landscape in C. renggeri than in C. rufipes, with genetic diversity 
increasing with human disturbance. At the population scale, we showed that C. renggeri 
disperse through forested Cerrado whereas C. rufipes presented two well-defined genetic 
clusters that disperse through different vegetation physiognomies, using Cerrado’s open or 
forested areas. Despite the ability of C. rufipes to promote gene flow through pine plantations, 
migration habitats on average include native Cerrado vegetation. In conclusion, although C. 
renggeri seems more susceptible to anthropogenic disturbance, and more restricted than C. 
rufipes in the use of landscape to disperse, our results show that both species depend on native 
Cerrado vegetation. The conservation of Cerrado physiognomies is thus necessary for the 
continuity of gene flow in these Camponotus species, preserving their ecological roles and 
ecosystem functions in this biome.  
KEY WORDS: Hymenoptera, Formicidae, global changes, microsatellites, cerradão, cerrado 
sensu strictu, least-cost transect analysis. 
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INTRODUCTION 
 Over the past two centuries the neotropical region has experienced an enormous 
loss in its biodiversity, mostly driven by land use changes, introduction of exotic species and 
diseases, overexploitation and climate changes led by human activities (Sohdi et al. 2009).  In 
this scenario, it is important to predict species susceptibility to changes and prevent 
extinctions. As such, studies on species life-history, behavior, morphology and physiology 
have become increasingly important to elucidate how organisms respond to environment 
(Sohdi et al. 2009). Predicting the consequences of global changes also requires explaining 
patterns and processes in different spatial, time and ecological scales, so as to assess how the 
information is transferred from fine to broader scales (Levin 1992).  
Among different taxa, ants have been highlighted as promising organisms to be 
used as bioindicators of species response to environmental changes (Andersen 1997; 
Andersen et al. 2002; Underwood & Fisher 2006).  Ants are widely distributed, with the 
exception for Antarctica and few oceanic islands (Hölldobler & Wilson 1990). These social 
insects constitute one of the most dominant animal groups on Earth, representing from 10% to 
15% of the total terrestrial animal biomass (Bolton 2005; Gullan & Cranston 2005). In 
conjunction with their enormous abundance, ants play multiple ecological roles, including 
pollination, seed dispersal, plant protection, biological control and ecosystem engineering by 
improving soil turnover and nutrient cycling (Del-Toro et al. 2012). Ants are also highly 
sensitive to environmental changes, exhibiting a rapid response in different levels of diversity 
organization, such as in community structure and composition (Andersen et al. 2002) and in 
their genetic variation (Seppä 2008). Due to the haplodiploid sex-determination system, ants 
present a naturally lower effective population size in comparison to diploid organisms, 
making them genetically susceptible to demographic bottlenecks (Hedrick & Parker 1997; 
Seppä 2008). Such lower effective population size is also affected by the few breeders 
generally present in ant colonies, with only queens and male mates contributing to the 
numerous offspring (Hölldobler & Wilson 1990; Seppä 2008).  Additionally, ants present an 
unusual rich array of hierarchical organization levels, including individual, matriline, 
patriline, nest, colony and population (Crozier & Pamilo 1996), with patterns and processes 
expected to be antagonistic between these levels (Steiner et al. 2010). Finally, ants are 
relatively easy to be found, without the need of an especial expertise to sample them (e.g. 
Agosti et al. 2000). Thus, all these characteristics of abundance, vulnerability to 
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environmental changes and social organization make ants interesting multiscale model 
organisms to evaluate the impact of environmental changes on species.  
 The very same features that make ants an interesting system to detect 
environmental changes, also put the ants in a central position for conservation (Mabelis 2007; 
Seppä 2008), especially in highly disturbed environments, such as the Brazilian savannas. 
Brazilian savannas, also known as Cerrado, are considered the most diverse savanna and also 
one of the most threatened biomes into the world (Myers et al. 2000). Only 2.2% of its 
original territory is under legal protection, wherein the remnants have being extensively 
exploited by human activities, leading to habitat loss and fragmentation (Machado et al. 2004; 
Jepson 2005; Durigan et al. 2007). Compared to other savannas, Cerrado presents a particular 
high ant species diversity (e.g. Vasconcelos et al. 2008; Schoereder et al. 2010). These 
eusocial insects forage intensively on vegetation, where there is more availability of food 
resources and nesting sites (Oliveira & Freitas 2004; Rico-Gray & Oliveira 2007). Ants can 
also act as secondary seed dispersers, increasing germination of endemic plants (Leal & 
Oliveira 1998; Christianini et al. 2007).  
Two ant species are particularly relevant due to their abundance and ecological 
importance in the Cerrado: Camponotus renggeri (Emery, 1894) and C. rufipes (Fabricius, 
1975). Both species participate in mutualistic interactions with hemipteran trophobionts and 
plants bearing extrafloral nectaries, exhibiting aggressive behavior towards intruding 
organisms at their food sources, which often result in increased plant protection and 
hemipteran survival (Oliveira et al. 1987; Oliveira & Brandão 1991; Oliveira 1997; Del-Claro 
& Oliveira 2000). Previous works showed that although C. renggeri and C. rufipes have 
similar levels of colony genetic diversity (see chapter 1), populations of these species present 
different spatial patterns of genetic diversity (Ronque et al. 2016). Genetic variation in C. 
renggeri is homogeneously distributed within the population. In C. rufipes, on the other hand, 
genetic variation is heterogeneous and forms clear genetic clusters within the population 
(Ronque et al. 2016). This difference may be associated with remarkable differences in life 
history and ecological traits between C. renggeri and C. rufipes (Ronque et al. 2016), between 
their breeding systems (see chapter 1), but also could be related to distinctive responses by 
these two species to environment variation.  
Landscape genetics offers a promising approach to address the genetic response 
by C. renggeri and C. rufipes to environmental features. Landscape genetics is an emerging 
58 
 
 
 
discipline whose central objective is to detect population genetic patterns and correlate them 
with landscape features. It sheds light on population distribution, evolution and also landscape 
functional connectivity, which is how much the landscape features and patterns facilitate or 
prevent species movement and, consequently, gene flow (Manel et al. 2003; Cushman et al. 
2013; Manel & Holderegger 2013). This information is fundamental for biodiversity 
managers to maintain and increase the viability of natural populations (Taylor et al. 1993). To 
assess how Neotropical Camponotus species respond to environment, we comparatively 
investigated the multiscale genetic diversity response of C. renggeri and C. rufipes to 
landscape features, using landscape genetics approaches. As C. renggeri and C. rufipes 
exhibit contrasting ecological, behavioral and genetic traits, we hypothesize that they also 
present different genetic variation response to environmental composition in all scales under 
study. We thus expect that the landscape will distinctively influence polygyny levels in these 
two species (i.e. multiple queens coexisting in a single colony; here used as direct measure of 
genetic diversity). Similarly, we expect that C. renggeri and C. rufipes use different landscape 
features to disperse and promote gene flow, namely C. renggeri being more dependent on 
cerrado’s forested physiognomies (cerradão), and C. rufipes more prone to open 
physiognomies such as cerrado sensu stricto (Oliveira-Filho & Ratter 2002), where the 
species is commonly found (Ronque et al. 2016). Finally, we also evaluate C. renggeri and C. 
rufipes genetic susceptibility to environmental composition in the hope that increased natural 
history knowledge about these species will add to their preservation and support Cerrado 
conservation.  
 
MATERIAL AND METHODS 
Study system 
 Camponotus renggeri and C. rufipes are two closely related species 
morphologically very similar, with slight differences mainly in their tegument brightness and 
color of their legs (C. renggeri is bright with yellow legs and C. rufipes is opaque with red 
legs) (Hashimi 1973). Recently, Ronque et al. (2016) supported the maintenance of C. 
renggeri and C. rufipes as valid taxonomic units based on reliable behavioral, ecological and 
genetics differences between them.  C. renggeri is more frequently found in the closed 
woodland physiognomy in Cerrado, known as “cerradão” (defined as “closed woodland with 
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crown cover of 50–90%, made up of 8–12m tall trees casting a considerable shade so that the 
ground layer is much reduced”; see Oliveira-Filho & Ratter 2002), whereas C. rufipes nests 
are mostly found in more open areas, known as “cerrado sensu stricto” formally defined as 
“scrub of shrubs and trees with a fair amount of herbaceous vegetation between them; see 
Oliveira-Filho & Ratter 2002). Nest architecture and persistence are also different for the two 
species: C. renggeri nests mainly in fallen dead trunks and C. rufipes constructs a peculiar 
type of nest made of dry straw, which is more persistent over the hot/rainy season. These two 
Camponotus species form two different genetic clusters, regardless of the source of 
information (mitochondrial DNA or nuclear microsatellites), with C. rufipes presenting higher 
genetic variation in both small (one population from one location) and broader scales (across 
populations from different locations) (Ronque et al. 2016). Additionally, although both 
species exhibit facultative polygyny, they present remarkable differences in their breeding 
systems (see chapter 1). Polygynous colonies of C. renggeri exhibited non-related nestmate 
queens, with or without reproductive skew among them, mating with one or a few males. In 
this species queen number accounts for the genetic variability within colonies. In contrast, 
polygynous colonies of C. rufipes frequently have closely related queens, with higher levels 
of polyandry than C. renggeri, and increased reproductive skew among nestmate queens. 
Queens and males both contribute for colony genetic diversity in C. rufipes. Interestingly, in 
chapter 1 we showed that, regardless of such differences, C. renggeri and C. rufipes have an 
undistinguishable level of genetic diversity within their colonies. In the same study site 
(Mogi-Guaçu), Ronque and colleagues (2016) showed that, at the species level, these 
Camponotus species presented different patterns of genetic distribution across the space -- C. 
renggeri was less structured than C. rufipes, which exhibits the formation of two distinct 
genetic clusters. Thus the processes underlying the transference of genetic information 
through levels of biological organization (i.e. from colony to population) may also have 
differences between C. renggeri and C. rufipes, as expected given all the life-history 
discrepancies previously reported for them.  
Study area 
 We carried out this work in a reserve in Mogi-Guaçu (22°18′S, 47°11′W), state of 
São Paulo, southeast Brazil (Figure 1). The climate of the region is characterized by two well 
delimited seasons: a hot/rainy summer from October to March (rainfall ranging from 1100 to 
1200 mm), and a cold/dry winter from April to September (rainfall ranging from 250 to 300 
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mm) (Giudice-Neto et al. 2010). Average annual temperatures range from 20.5 to 22.5°C 
(Giudice-Neto et al. 2010). The reserve is located in a transition zone between the Atlantic 
rainforest and Cerrado biomes, with the latter corresponding to an area of 470 ha and 
presenting different physiognomies that vary from open grasslands (“campo cerrado”) to 
dense woodlands (“cerradão”) (see Oliveira-Filho & Ratter 2002). Cerrado patches are also 
permeated by areas composed of Pinus spp. and Eucalyptus spp. plantations. The reserve is 
surrounded by an extensive agriculture matrix and and has numerous trails and roads 
(Giudice-Neto et al. 2010). 
 
Figure 1.Study site classified into seven landscape categories and distribution of Camponotus 
renggeri and Camponotus rufipes nests sampled by Azevedo-Silva et al. (see chapter 1). The 
study site is located in São Paulo, southeast Brazil (upper inset). Datum of Cerrado reserve 
map is WGS 1984 UTM Zone 23S. 
 
61 
 
 
 
Genetic data 
 We evaluated within-colony levels of polygyny and among-colony genetic 
similarity in relation to environmental features for 22 nests of C. renggeri and 35 nests of C. 
rufipes. The latitude and longitude in WGS84 Geographic Coordinate System of ant nests 
were obtained using a GPS map 60CSx (Garmin International Inc., Olathe, KS, USA).  In 
each nest, 9-22 workers were sampled, totalizing 389 workers of C. renggeri and 677 workers 
of C. rufipes. Workers were genotyped for 17 polymorphic microsatellite markers developed 
by Azevedo-Silva et al. (2015). Genotypes dataset and sample locations used in the present 
work were obtained from previous work describing C. renggeri and C. rufipes breeding 
systems based on the analyses of these molecular markers (see chapter 1).  
Genetic clustering  
 At the species level (pooling genotyped workers from all nests), we evaluated 
genetic diversity organization by using two different analyses that differ by statistics and type 
of information included. To evaluate the number and membership of genetic clusters, we used 
the Bayesian method implemented in the software STRUCTURE 2.3.3 (Pritchard et al. 2000). 
This analysis was conducted without a priori assumption of population subdivision. 
Assuming an admixture model and correlated allele frequencies, we carried out 30 
independent Markov chain Monte Carlo (MCMC) runs with 5.0 × 105 iterations following a 
burn-in period of 1.0 × 105 iterations for each number of clusters (K) ranging from 2 to 10. 
STRUCTURE analyses were run in parallel using the package ParallelStructure (Besnier& 
Glover 2013) in R software (R Development Core Team 2013). We determined the most 
probably K using the ad hoc ΔK statistic method (Evanno et al. 2005). We used the program 
CLUMPP 1.1.2 (Jakobsson & Rosenberg 2007) to solve label switching and multimodality 
issues.  
 To access genetic structure, we also conducted a spatial Principal Component 
Analysis (sPCA) that, in comparison with STRUCTURE, also enabled us to access patterns of 
genetic variation but using frequentist statistics and including spatial data (Jombart et al. 
2008). Similarly to a PCA, sPCA combines multivariate data (in this study, the microsatellite 
genotypes variance), but it also incorporates spatial autocorrelation of this data (measured by 
Moran’s I) to obtain a reduced number of orthogonal axes (Jombart et al. 2008). According to 
Jombart et al. (2008), by applying sPCA it is possible to test for the existence of two types of 
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spatial structures: (i) global structures, evidenced by positive spatial autocorrelation, which 
may be associated with isolation by distance (IBD) and/or barriers, and (ii) local structures, 
revealed by negative spatial autocorrelation, which indicates strong repulsion between 
genetically similar neighbors. We used the package adegenet 2.0.0 (Jombart 2008) in 
Rsoftware (R Development Core Team 2013) to carry out a sPCA for each Camponotus 
species, considering all workers genotypes. The estimation of spatial autocorrelation was 
based on inverse-distance weights between pairs of ant colonies. Permutation tests (with 1000 
randomizations) were performed to verify the presence of both global and local spatial genetic 
structure.  
Isolation by distance 
 To test whether isolation by distance (IBD) was important to determine the 
genetic variation between individuals across nests, we analyzed the autocorrelation between 
pairwise genetic relatedness in function of geographic distance using the software SPAGeDi 
1.5 (Hardy & Vekemans 2002). Kinship coefficient (Fij) described by Loiselle et al. (1995) 
was selected as an estimator of pairwise genetic relatedness because it does not assume 
genotypic proportions under Hardy-Weinberg equilibrium and is considered an unbiased 
estimator with low sampling variance (Vekemans & Hardy 2004). To avoid biases resulting 
from familiar structure within ant colonies, we only performed genetic comparisons between 
individuals from different colonies (among-group comparisons in SPAGeDi). The slope of 
genetic and geographic distances correlation was used as a measure of the degree of IBD 
(Hardy & Vekemans 2002), with its significance and standard errors estimated by 1000 
permutations and a jackknife over loci, respectively.  
Landscape data 
 Ecological and evolutionary processes, including within-species genetic variation 
over space and time, are largely influenced by environmental features that may be easily 
assessed with geographic information system (GIS) tools (Kozak et al., 2008). Thus, to 
quantify the influence of landscape features on C. renggeri and C. rufipes genetic diversity, 
we mapped the study area using high resolution images in the software ArcGIS 10.3.1 (ESRI, 
Redlands, CA, USA) at a scale of 1:5000 and with WGS84 datum. We originally classified 
the landscape elements into seven categories: (i) open areas of natural vegetation with scarce 
vegetation cover (cerrado sensu stricto); (ii) forest areas of natural vegetation whose trees 
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formed a closed canopy (“cerradão”); (iii) stream, which refers to any type of water body; (iv) 
pines, including both Pinus spp. and Eucalyptus spp. plantations; (v) agriculture, 
characterized by plantations such as sugarcane and orange; (vi) urban, which includes any 
type of urbanized area; and (vii) roads, which includes trails, paved and unpaved roads 
(Figure 1). Unless specified otherwise, all landscape data and analyses in this study were 
performed in software ArcGIS 10.3.1 (ESRI). 
Landscape genetics analyses 
 There are different analytical levels to evaluate the relationship between genetic 
data and landscape features (Wagner & Fortin 2013). In this study we used two approaches to 
specifically unveil (i) colony genetic variation (here described by the level of polygyny) in 
response to landscape features (node-based analysis) and (ii) spatial genetic variation in 
response to landscape features (link-based analysis).  
The node-based analysis relates genetic diversity of groups to environmental 
attributes, addressing the question of what landscape features determine genetic variation at a 
spatial location (Wagner & Fortin 2013). On the other hand, the link-based analysis focus on 
relating genetic distance between individuals (or demes) with environmental distance and 
structure of landscape that connects pairs of populations (e.g. landscape cost, amount of 
barrier). This latter approach is highly associated with species probability of dispersal or 
migration. Consequently, the link-based analysis evaluates how gene flow is likely to occur 
between two patches, having implications for environmental conservation. It allows one to 
measure the degree of permeability of different landscape covers, thus providing tools for 
researchers to propose ecological corridors for species maintenance (Wagner & Fortin 2013).   
Colony genetic variation in response to landscape traits (node-based analysis) 
 To obtain landscape data at node level, we transformed the mapped study area 
into a raster with spatial resolution of 10 m. Because the scale of effect is unknown for 
Camponotus renggeri and C. rufipes, each colony was buffered using three spatial scales: 20, 
100 and 400 m radius. Within each buffer, we calculated three landscape metrics, namely (i) 
heterogeneity, (ii) suitability, and (iii) anthropogenic disturbance. Heterogeneity variable 
refers to habitat diversity (i.e. presence and amount of different habitat types in the buffer) 
and it was calculated based on Shannon diversity index using the package vegan (Oksanen et 
al. 2015) in R software (R Development Core Team 2013). Suitability variable refers to the 
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location where each Camponotus species is more commonly found. In our study area, Ronque 
et al. (2016) described C. renggeri nests as mostly found in dense woodlands of Cerrado 
(“cerradão”), whereas C. rufipes nests were exclusively found open areas (cerrado sensu 
stricto), suggesting different habitat preferences for this species. Thus, we calculated the 
relative amount of pixels of forest and open categories in the mapped area and called it habitat 
suitability for C. renggeri and C. rufipes, respectively. We considered all mapped categories 
that resulted from non-natural processes (i.e. areas that results from human activities) as 
anthropogenic disturbance. Therefore, the categories pines, agriculture, urban and roads were 
joined into a single class, anthropogenic disturbance, and its relative amount of pixels was 
calculated.  
 As demonstrated in the chapter 1, in our study area the genetic diversity of C. 
renggeri nests increases as the queen number rises within the colonies, whereas the increase 
of both queens and mate numbers (i.e., males that copulate with a single queen) positively 
influences the genetic diversity within C. rufipes colonies. Therefore, because the number of 
queens is a common variable directly associated with genetic diversity within colonies of both 
species, we used this variable inferred in the chapter 1 as a direct indicator of nest genetic 
variation. This allowed us to interpret the results in the light of species natural history, as in 
our previous studies (Ronque 2013; Ronque et al. 2016; chapter 1).  
 We modeled the number of queens in response to each landscape metric 
(heterogeneity, suitability, and anthropogenic disturbance) in each spatial scale using 
generalized linear models with Poisson distribution in R software (R Development Core Team 
2013). To determine the best candidate model and scale of effect, we used a bootstrap 
procedure employed by Boscolo & Metzger (2009). This procedure consists in randomly 
selecting a sub-sample from the original data set (here we used approximately 70% from the 
original genotype data, corresponding to 16 from 22 C. renggeri nests and 26 from 35 C. 
rufipes nests), 1000 times, with replacement. For each repetition, we calculated the 
McFadden’s pseudo-R2 (1974). Thus, for each model we extracted the average McFadden’s 
pseudo-R2 and respective standard error. Within each landscape category (heterogeneity, 
suitability and anthropogenic disturbance), a post hoc Tukey test was performed to test the 
differences between the models of different scales (buffer widths). The model with the highest 
mean pseudo-R2 was selected as the one that best explained the number of breeders in 
response to landscape in a given spatial scale (Jackson & Fahrig 2015).  
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Species genetic variation and gene flow in response to landscape traits (link-based analysis) 
 To perform link-based analysis in landscape genetics studies, several methods 
have been suggested. In the simplest method, the transect analysis (TA), landscape elements 
are quantified within a transect of pre-defined width between two demes and the proportion of 
these elements are correlated to genetic distance between demes (e.g. Pavlacky et al. 2009; 
Emaresi et al. 2011). In another type of analysis, the resistance surface analysis (RS), a 
landscape raster is created and a cost value is assigned for each pixel of a given landscape 
element based on a hypothesized permeability of this pixel to species movement (Storfer et al. 
2010). Paths with the lowest cumulative cost are estimated and, posteriorly, genetic distance 
between demes is tested in response to paths cost or length. Both approaches have 
disadvantages: TA generally assumes linear movements, thus transects are designed as 
straight lines, whereas RS requires previous knowledge on species habitat preference (Spear 
et al. 2010). Van Strien et al. (2012) suggested an alternative method that combines both TA 
and RS approaches to overcome such issues – the least-cost transect analysis (LCTA). Using 
ArcGIS 9.3 (ESRI) and Python 2.7 (Python Software Foundation, https://www.python.org/ ) 
(scripts available by Van Strien et al. 2012), we applied LCTA for identifying landscape traits 
that may act as preferential habitats for C. renggeri and C. rufipes movement and gene flow in 
the study area.  
All landscape land cover types (open, forest, stream, pines, agriculture, urban and 
roads) were tested as potential migration habitats (mh) for C. renggeri and C. rufipes genetic 
groups (see below). A binary raster was created for each potential mh, with mh pixels 
receiving the lowest resistance cost (value of 1) and all other pixels from different categories 
receiving high resistance costs values of 2sf, where sf is the specialization factor. Following 
Van Strien et al. (2012), in this study we tested sf = 3, 9 and 15. We also generated 
uninformative resistance surface, in which all land covers were considered permeable to ants’ 
movement. In this case, all pixels were assigned the value of 1 (sf = 0), meaning that ants 
move in a straight line to minimize the distance traversed and are able to move equally in any 
land cover type. Least-cost paths (LCP) between all pairs of colonies were generated for each 
resistance surface. Buffers of three different widths (20, 100 and 400 m) along the generated 
paths were created. From these buffers, we extracted the proportion of each landscape element 
and the transect length, which were posteriorly used as predictor variables of the genetic 
distance between colonies. In total, we generated 22 resistance surfaces (7 migration habitats 
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× 3 specialization factors larger than zero + 1 specialization factor equal to zero). For each 
combination of mh and resistance cost, we modeled genetic similarity (GS) according the 
formula GS ~ open + forest + stream + pines + agriculture + urban + roads + transect 
length.  Reduced models were also built with all possible predictor variables combination.  
Because Loiselle’s kinship coefficient (Fij) does not assume genotypic proportions 
under Hardy-Weinberg equilibrium, and it is based on individual pairwise genetic 
relationship, we used the mean pairwise Fij between individuals from different colonies 
(estimated in SPAGeDi) as the GS response variable to species dispersal. To account for the 
pairwise covariance structure implicit in distance-type analyses, we used a maximum 
likelihood population effects (MLPE; Clarke et al. 2002; Van Strien et al. 2012) to fit 
regression of mixed models between genetic distance and landscape data using the package 
lme4 (Bates et al. 2011) in R software (R Development Core Team 2013). Mixed effects 
models were estimated using residual maximum-likelihood (REML) criterion. Both predictor 
and response variables were rank-transformed. To select the best fitting model, we used the 
𝑅𝛽
2 statistics (Edwards et al. 2008), whose fit is obtained from the comparison between a 
model with fixed effects and a null model with only the random effect and intercept. 
Additionally, 𝑅𝛽
2 may decrease when explanatory variables are added to models and because it 
is suitable for the mixed models performed with REML (Edwards et al. 2008; Clarke et al. 
2002; Van Strien et al. 2012). 𝑅𝛽
2 was estimated using the package pbkrtest (Halekoh & 
Hojsgaard 2011) in R software (R Development Core Team 2013). Thus the model with the 
highest  𝑅𝛽
2 was selected as the best fitting model that revealed the most probable habitat of 
migration of C. renggeri and C. rufipes in the studied landscape. Finally, the amount of 
landscape cover types included in the LCP of best fitting models were evaluated to detect the 
landscape composition necessary to facilitate C. renggeri and C. rufipes movement. 
Similarly to Ronque et al. (2016), who revealed two genetic clusters within C. 
rufipes, our STRUCTURE and sPCA analyses also detected the presence of two well-defined 
genetic groups within this species, with low gene flow between them (see Results). To 
evaluate if C. rufipes genetic clusters are a species response to environmental traits, we 
performed LCTA within each C. rufipes group and between them. 
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RESULTS 
Genetic clustering 
 We found different patterns of genetic structure in the two Camponotus species: 
C. renggeri presented a weak genetic structure whereas C. rufipes was clustered into two 
well-defined genetic groups. STRUCTURE analyses revealed three most likely numbers of 
groups (K = 2, 5 or 9) for C. renggeri with intermediate probability of assignment for most of 
individuals (Figure 2a; Supplementary Figure S1a). Such pattern may be associated with the 
absence or weak genetic structuring within C. renggeri, because estimation method proposed 
by Evanno et al. (2005) is not able to define K as K=1. In C. rufipes, on the other hand, 
individuals were clearly clustered into two different groups, with high probabilities of 
assignment (Figure 2b; Supplementary Figure S1b). Here, we named C. rufipes genetic 
clusters as k1 and k2, corresponding respectively to individuals almost entirely attributed to 
red and green colors in STRUCTURE (Figure 2b). 
 
Figure 2. Genetic structure analyses of Camponotus renggeri (A) and C. rufipes (B) workers 
using model-based assignment of individuals to the most likely number of clusters 
implemented in the software STRUCTURE (Pritchard et al. 2000). Each individual is shown 
as a vertical bar, with the colors indicating the probability of an individual to be assigned to a 
group. 
 
Results of sPCA analyses were congruent with the STRUCTURE results for both 
species. In C. renggeri, the decomposed eigenvalues showed that the first two eigenvalues 
could be easily distinguished from all others, exhibiting high and positive spatial 
autocorrelation (IAXIS1= 0.912 ; IAXIS2 = 0.908) and representing a considerable amount of 
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genetic variance (VarianceAXIS1 = 0.438 ; VarianceAXIS2 = 0.405) (Supplementary Figure S2a). 
The same was observed for C. rufipes sPCA analyses, in which the first two eigenvalues 
retained the greater part of genetic variance (VarianceAXIS1 = 1.06 ; VarianceAXIS2 = 0.629), 
with a strong spatial autocorrelation support (IAXIS1= 0.979 ; IAXIS2 = 0.908) (Supplementary 
Figure S2b). Thus, we interpreted the corresponding two first principal components for both 
species. In C. renggeri, the spatial distribution of the scores from the first spatial principal 
component (sPC) presented very similar patterns from the ones recovered in STRUCTURE, 
with low genetic structure across space (Figure 3a). Contrastingly, in C. rufipes genetic 
subdivision is more evident, such that genetic groups coincided with the ones found in 
STRUCTURE, which is revealed by the size and color of squares in sPCA (black squares in 
sPCA correspond exactly to red columns in STRUCTURE, k1, and white squares to green 
columns, k2; Figure 3c and Figure 2b). The scores from the second sPC were more difficult to 
interpret. However they also revealed the weak genetic structure among C. renggeri colonies 
(Figure 3b). Additionally, similarly to STRUCTURE and the first sPC, the second sPC 
recovered the genetic dissimilarities withinC. rufipes (but, for the second sPC, white squares 
in sPCA correspond almost entirely to red columns in STRUCTURE, k1, and black squares to 
green columns, k2; Figure 3d and Figure 2b).  
According sPCA analyses, both Camponotus species presented significant global 
genetic structure (p = 0.001 for both Camponotus species) but not local genetic structure (p = 
0.179 and p = 0.626 for C. renggeri and C. rufipes, respectively). It showed that, regardless of 
the strength of genetic structure, there was some isolation process occurring across colonies, 
and absence of repulsion between genetically similar neighbors. 
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Figure 3. Plots showing lagged principal components analysis (sPCA; Jombart et al. 2008) 
scores for the two first spatial principal components (sPC), based on inverse-distance weights 
between pairs of ant colonies. Each square represents the score of a colony genetic variation 
and it is positioned according to colony spatial coordinate. White squares indicate negative 
and black positive values. Large black squares are well differentiated from large white 
squares, being the small ones less differentiated. (A) Camponotus renggeri first sPC, (B) C. 
renggeri second sPC, (C) Camponotus rufipes first sPC and (D) C. rufipes second sPC. 
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Isolation by distance 
 Genetic relatedness between workers of different colonies was not linearly related 
with Euclidean geographic distances between colonies of both C. renggeri and C. rufipes 
(Table 1). This result combined with sPCA the results for global genetic structure reinforce 
that spatial features other than geographic distance may be more important to influence the 
genetic structure in Camponotus species. 
Table 1.Isolation by distance (IBD) patterns in Camponotus renggeri and C. rufipes, 
considering comparisons of individuals from different colonies. The slope of the correlation 
between pairwise geographic distance and Loiselle’s kinship coefficient was used as a 
measure of IBD. Slope significances and standard errors were tested by 1000 permutations 
and jackknife procedure over loci in SPAGeDi 1.5 (Hardy & Vekemans 2002).   
  C. renggeri  C. rufipes 
Slope  1.39-6  -3.91-7 
SE Slope  1.26-6  4.99-7 
P (two-sided)  0.437  0.543 
 
Colony genetic variation in response to landscape traits (node-based analysis) 
 We found that the number of queens in colonies was substantially more 
influenced by landscape composition in C. renggeri than in C. rufipes. For C. renggeri the 
models with the highest McFadden’s pseudo-R2 were the ones including anthropogenic 
disturbance at the scales of 20 m (pseudo-R2 = 0.149 ± 0.003) and 100 m (pseudo-R2 = 0.147 
± 0.003 ). This indicates that number of queens, and consequently genetic diversity, in C. 
renggeri increased with higher levels of human disturbance in the surrounding environment 
(Figure 4a). Contrastingly, for C. rufipes the number of queens was positively related with 
environmental heterogeneity at the scale of 100 m (McFadden’s pseudo-R2 = 0.037 ± 0.001; 
Figure 4b). According to McFadden (1979), pseudo-R2 tends to be lower than the traditional 
R2 in linear regressions, with values of 0.2 to 0.4 representing an excellent fit. Thus, our 
results suggested that for C. renggeri (whose highest pseudo-R2approached 0.2) the 
adjustment between surrounding landscape and colony number of queens and genetic 
diversity is much higher than for C. rufipes. 
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Figure 4. Mean pseudo-R2(McFadden1974) with standard error bars of (A) Camponotus 
renggeri and (B) C. rufipes. Number of queens per colony was modeled in response to 
environmental categories in circular landscapes of three radius (20 m, 100 m and 400 m), 
using generalized linear models with Poisson distribution after bootstrap procedure (N = 
1000). For each landscape category, different letters indicate significant differences among 
buffer size according to Tukey post hoc test.  
 
Species genetic variation and gene flow in response to landscape traits (link-based analysis) 
 We found that the two Camponotus species need conserved natural areas for 
dispersal and to promote gene flow within populations. Despite the low model fits for all 
potential migration habits (mh) tested for both species.  For C. renggeri, least-cost transect 
analysis (LCTA) revealed that, among the 20 best models (five models per specialization 
factor), 10 with mh paths through forest explained better the genetic similarity between 
colonies (Table 2; Figure 5a). Thus, the best model for C. renggeri was the reduced model Fij 
~ open + pines + agriculture + urban + roads, with sf = 15 and transect width of 100 m (𝑅𝛽
2 
= 0.1052; Table 2). This means that C. renggeri gene flow occurs mainly through forested 
cerrado (“cerradão”), especially along paths containing these environmental traits. When 
analyzing the percentage of the landscape cover types included in the best LCTA model for C. 
renggeri, we found that although paths contained amounts of traits originated from human 
activities (mainly pines, agriculture and roads, with medians equal to 2.31%, 1.32% and 
3.08%), they were mostly formed by natural open areas of Cerrado sensu stricto (9% of LCP; 
referred as open in this study; Figure 6a).  
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 For C. rufipes, we found that the two genetic clusters found in STRUCTURE and 
sPCA analyses presented different landscape cover types facilitating their gene flow. LCTA 
analyses were conducted separately for each genetic cluster found in genetic structure 
analyses, because they revealed low gene flow between these groups. Therefore, we found 
that for the C. rufipes genetic group k1, 12 from the 20 best models pointed transects through 
natural open areas as the ones that better explained genetic similarity between colonies (Table 
2; Figure 5b). The best model was the reduced model Fij ~ open + stream + pines + 
agriculture + urban + roads + transect length, with sf = 9 and width of 400m (𝑅𝛽
2 = 0.185; 
Table 2). In C. rufipes, on the other hand, genetic group k2, 7 from 20 best models showed 
transects through forest with higher 𝑅𝛽
2 (Table 2; Figure 5c), and the best model was the 
reduced model Fij ~ open +forest + stream + pines + urban + roads + transect length, with 
sf = 3 and width of 100m (𝑅𝛽
2 = 0.3583; Table 2). These results indicated that the gene flow 
within the C. rufipes clusters k1 and k2 occurs mainly through natural open and forested areas 
of Cerrado, respectively. Additionally, analyzing the percentage medians of landscape cover 
types included in both best models for C. rufipes (similarly to C. renggeri findings), the areas 
of natural vegetation were present within the paths. Thus, k1 paths presented 6.42% of natural 
open Cerrado areas (Figure 6b). These values were even higher in paths between colonies 
from the k2 group that exhibited a high amount of forest (60.07%) and open Cerrado 
vegetation (15.41%; Figure 6c). 
 We also analyzed paths between C. rufipes genetic groups and we found that the 
gene flow between k1 and k2 occurs mainly by pines (15 from 20 best models; Table 2; 
Figure 5d), and the best model was the reduced model Fij ~ open +forest +  pines 
+agriculture + urban, with sf = 3 and transect width of 100 m(𝑅𝛽
2 = 0.0965; Table 2). This 
model fit was even lower than the previous ones, suggesting that although this species was 
able to use pines as a migration habitat, it was less likely to occur in this environment. 
Besides the huge amount of pines in these paths, they also contained a reasonable amount of 
natural open (median of 4.04%) and forested areas (13.87%; Figure 6d). This suggests that, 
even migrating through planted pine forests, for gene flow between C. rufipes k1 and k2 
groups to occur it is necessary a minimum percentage of natural vegetation of Cerrado.  
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Figure 5. Box plots representing the distribution of 𝑅𝛽
2 of all models analyzed by maximum 
likelihood population effects (Clarke et al. 2002; Van Strien et al. 2012) from least-cost 
transect analysis results (Van Strien et al. 2012) for (A) Camponotus renggeri, (B) 
Camponotus rufipes k1 genetic group, (C) C. rufipes k2 genetic group, and (D) between C. 
rufipes k1 and k2 genetic groups. “None” represents resistance cost of 1 for all landscape 
categories meaning that species are able to move equally through any landscape cover type. 
Different letter indicate significant differences among landscape cover types according to 
Tukey post hoc test. 
 
 
 
 
 
 
 
  
74 
 
 
 
Table 2. The five models with the highest 𝑅𝛽
2 per specialization factor (sf) from the Least-cost transect analyses (LCTA; Van Strien et al. 2012). 
LCTA was performed for all combination of potential migration habitats (open, forest, stream, pines, agriculture, urban and roads), resistance 
costs (2sf, with sf = 0, 3, 9 and 15) and transect widths (20 m, 100 m, 400 m). For each species, LCTA models with the highest 𝑅𝛽
2 are shown in 
bold and represents the most probably migration habitat in the study area of Mogi-Guaçu, São Paulo, Brazil.F and R indicate full and reduced 
models, respectively. 
 
 
 Camponotus renggeri 
 Camponotus rufipes 
(within k1) 
 Camponotus rufipes  
(within k2) 
 Camponotus rufipes  
(between k1 and k2) 
sf  
transect 
width 
mh 𝑅𝛽
2 
 transect 
width 
mh 𝑅𝛽
2 
 transect 
width 
mh 𝑅𝛽
2 
 transect 
width 
mh 𝑅𝛽
2 
0  100 None 0.0664 R  400 None 0.1160 R  20 None 0.2659 R  100 Agriculture 0.0339 R 
0  100 None 0.0642 R  400 None 0.1133 R  20 None 0.2620 R  100 Agriculture 0.0329 R 
0  100 None 0.0629 R  400 None 0.1077 R  20 None 0.2587 R  100 Agriculture 0.0328 R 
0  100 None 0.0622 R  400 None 0.1075 F  20 None 0.2578 R  100 Agriculture 0.0328 R 
0  100 None 0.0621 R  400 None 0.1071 R  20 None 0.2477 R  100 Agriculture 0.0325 R 
3  100 Forest 0.0930 R  400 Open 0.1838 R  100 Forest 0.3583R  100 Pines 0.0965 R 
3  20 Stream 0.0916 R  400 Open 0.1802 R  100 Forest 0.3547 F  100 Pines 0.0938 R 
3  100 Forest 0.0879 R  400 Open 0.1796 R  100 Forest 0.3497 R  100 Pines 0.0931 R 
3  20 Stream 0.0874 R  400 Open 0.1770 R  100 Forest 0.3444 R  100 Pines 0.0927 R 
3  20 Stream 0.0874 R  400 Open 0.1755 R  20 Pines 0.3428 R  100 Pines 0.0925 R 
9  100 Forest 0.1045 R  400 Open 0.1850 R  20 Pines 0.3333 R  100 Pines 0.0779 R 
9  100 Forest 0.1012 R  400 Open 0.1813 R  20 Pines 0.3257 R  100 Pines 0.0779 R 
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Table 2. Continued. 
  Camponotus renggeri 
 Camponotus rufipes 
(within k1) 
 Camponotus rufipes  
(within k2) 
 Camponotus rufipes  
(between k1 and k2) 
sf  
transect 
width 
mh 𝑅𝛽
2 
 transect 
width 
mh 𝑅𝛽
2 
 transect 
width 
mh 𝑅𝛽
2 
 transect 
width 
mh 𝑅𝛽
2 
9  20 Forest 0.0951 R  400 Open 0.1795 R  20 Pines 0.3198 R  100 Pines 0.0757 R 
9  400 Agriculture 0.0949 R  400 Open 0.1742 R  20 Pines 0.3037 R  100 Pines 0.0752 R 
9  400 Agriculture 0.0946 R  100 Pines 0.1738 F  20 Pines 0.2647 R  100 Pines 0.0749 R 
15  100 Forest 0.1052 R  400 Open 0.1843 R  20 Pines 0.2585 R  100 Pines 0.0849 R 
15  100 Forest 0.1020 R  400 Open 0.1805 R  20 Forest 0.2484 F  100 Pines 0.0839 R 
15  20 Forest 0.0954 R  100 Pines 0.1801 F  20 Forest 0.2383 R  100 Pines 0.0816 R 
15  100 Forest 0.0938 R  400 Open 0.1798 R  20 Forest 0.2330 R  100 Pines 0.0808 R 
15  20 Forest 0.0935 R  400 Pines 0.1796 R  20 Pines 0.2292 R  100 Pines 0.0804 R 
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Figure 6. Box plots representing the percentage of landscape cover types in the paths 
highlighted as the most probable migration habitats in the least-cost transect analysis (models 
with highest 𝑅𝛽
2 in Table 2) for (A) Camponotus renggeri, (B) Camponotus rufipes k1 genetic 
group, (C) C. rufipes k2 genetic group, and (D) between C. rufipes k1 and k2 genetic groups. 
Only landscape traits included in the best models are shown. 
 
DISCUSSION 
 In this study we comparatively investigated the multi scale effects of landscape 
composition on two closely related ants from the Brazilian savanna. In agreement with the 
natural history and genetic differences previously reported for Camponotus renggeri and C. 
rufipes, we consistently showed that these ants respond differently to environmental 
composition. At the colony level, C. renggeri is more affected by the surrounding landscape 
(mainly by anthropogenic disturbance) than C. rufipes. At the population level, despite the 
differential use of Cerrado physiognomies as habitats for dispersal, both species depend on 
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natural Cerrado vegetation to disperse and consequently to promote within-species gene flow. 
Such results have relevant implications for species maintenance and Cerrado landscape 
conservation. 
 At the primary scale studied, the colony level, we found that the number of queens 
(i.e. polygyny) and, consequently genetic diversity, within C. renggeri and C. rufipes colonies 
(chapter 1) is affected by different landscape features. Polygyny in C. renggeri is mostly 
promoted by increased anthropogenic disturbance, which included any land use originated 
from human activities, such as pines plantations, agriculture, urban areas and roads. On the 
other hand, the number of queens in C. rufipes was weakly influenced by landscape 
heterogeneity (i.e. landscape diversity of cover types). This difference in magnitude of effect 
may result from the types of nests that the two Camponotus species are able to construct. In 
the same study site at Mogi-Guacu, Ronque et al. (2016) reported five different nests types 
(dry straw, dry straw and trunks, above soil, fallen dead trunks and erect dead trunks) used by 
C. rufipes. C. renggeri, on the other hand, has more restricted nesting habits, using mostly 
fallen dead trunks. Consequently, C. rufipes seems to be more capable of using different types 
of environments because its nest architecture is more versatile. Conversely, C. renggeri seems 
to be more restricted in terms of landscape features for nesting. The pressures leading to the 
coexistence of multiple queens within a single colony are mostly attributed to environmental 
restrictions, such as limitations in the availability of nest sites (Hölldobler & Wilson 1991; 
Steiner et al. 2010). Therefore polygyny would likely be more associated wiht landscape 
composition in C. renggeri, whose nesting habit is more restricted.  
Polygyny has long been associated with colony survival due to its effects on 
reducing colony’s susceptibility to diseases, increasing brood survival (Hölldobler & Wilson 
1991; Bono & Crespi 2006). Moreover, in chapter 1 we showed that polygyny increases the 
colony effective size in C. renggeri and C. rufipes. According to Wilson (1971), this increase 
may be interpreted as a strategy to reduce the chance of extinction, since polygynous colonies 
are more likely to survive under diverse environmental conditions and population 
demographic constraints (MacArthur & Wilson 1967). Therefore, polygyny may be a survival 
strategy, especially for C. renggeri in the face of increasing impact of human activities in 
Cerrado.  
At the population level (i.e. considering all colonies in each species), we found 
similar patterns of genetic variation distribution previously reported by Ronque et al. (2016). 
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Camponouts renggeri presented its genetic diversity homogeneously distributed across space, 
with weak genetic structure. In C. rufipes there was a strong genetic subdivision, composed of 
two distinct and well-defined genetic clusters. According to chapter 1, C. renggeri and C. 
rufipes presented undistinguishable amount of genetic diversity inside the colony but, as 
shown here, this similarity is not maintained at the population level. In the present study, we 
reported that these discrepancies likely originate from differences in how the information is 
transferred (i.e. gene flow) across scales of biological organization (i.e. from colony to 
population level). We found no influence of geographic distance on the structure of genetic 
variation in the two Camponotus species, suggesting that both are capable of long distance 
dispersal. Instead, we found that landscape composition can differentially affect gene flow in 
C. renggeri and C. rufipes.  
 Landscape effects on C. renggeri and C. rufipes dispersal have direct 
consequences for ant species maintenance and Cerrado conservation. We observed C. 
renggeri as a unique genetic pool using Cerrado forested physiognomies (“cerradão) as 
dispersal habitats. Contrastingly, we reported genetic differentiation within C. rufipes, whose 
genetic groups responded differently to landscape traits: the bigger group, k1, migrates 
through Cerrado open physiognomies (“cerrado sensu stricto”), whereas the smaller group, 
k2, also uses forested areas (“cerradão”) to disperse and promote gene flow. These results are 
in agreement with the nesting habits of C. renggeri and C. rufipes, which occur mostly in 
forested (“cerradão”) and open (“cerrado sensu stricto”) physiognomies, respectively (Ronque 
et al. 2016). We also found that gene flow between k1 and k2 C. rufipes groups may occur 
through Pinus plantations that cover a large area of the Cerrado reserve (see Figure 1), as long 
as theses plantations contain areas of natural open and forested Cerrado vegetation. It has 
been reported that C. renggeri and C. rufipes depend on Cerrado vegetation for foraging and 
feeding on extrafloral nectaries and honeydew-producing insects on foliage (e.g. Oliveira & 
Freitas 2004), reinforcing their need of the Cerrado flora (see Oliveira & Leitão-Filho 1987, 
Del-Claro & Oliveira 1999, 2000).  
As a whole, our results suggest that for all analyzed Camponotus dispersal paths, 
these vegetation types are necessary for the maintenance of gene flow in these ant species. 
Other studies on hymenoptera landscape genetics also reported the group dependence of 
conserved natural habitat and showed their ability to use disturbed habitats to disperse. Jha & 
Kremen (2013) showed that the gene flow in Bombus vosnesenskii bees is limited by urban 
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constructions, such as the industrial and commercial areas in California (USA). Contrastingly, 
in Costa Rica Euglossa championi bees are able to disperse even through fragmented habitats 
(Suni et al. 2014), and it was reported that Trigona spinipes bees can migrate through 
agricultural landscapes in southeastern Atlantic rainforest in Brazil (Jaffé et al. 2016).  
Regarding landscape genetics studies of ants, these social insects seem to be specially affected 
by landscape use. Foitzik et al. (2011) reported an inefficient dispersal by Hypoponera 
opacior (Ponerinae), especially within fragmented areas in southeastern of Arizona. 
Additionally, in two distinct environments (Costa Rica and Panamá) Pérez-Espona et al. 
(2012) and Soare et al.(2014) showed the inability of Eciton burchellii (Ecitoninae) ants to 
disperse in deforested areas. 
 We admit that the genetic discontinuities we observed may originate from other 
processes and ecological pressures not evaluated in this study, which could explain the 
relative small effect of landscape on the dispersal of both Camponotus species. For instance, 
intrinsic traits as the flight muscle size determines the dispersal capability of ant queens and 
males (Helms & Kaspari 2015), whose movements may be also guided by pheromones 
released by mating partners in the environment (Hölldobler & Wilson 1991). Extrinsic factors 
such as nest disturbance, microclimate change, resource availability, predation and 
competition may also influence ant movement (Hölldobler & Wilson 1991). In addition to 
these factors, historical landscape changes may also influence contemporary genetic 
discontinuities, which were not evaluated in this study. Research on the effects of past 
landscape composition on current species dispersal is very recent, and analyses and specific 
genetic markers to recover this time lag are still under development and improvement 
(Anderson et al. 2010; Epps &Keyghobadi 2015).  
This study has direct implications for Cerrado conservation, because the two 
Camponotus species play important ecological roles in this ecosystem. Changes in landscape 
composition would limit the dispersal of these ants and consequently reduce the ecological 
services provided by them. Thus, other components of biological organization would be 
negatively affected, such as the plants with which they maintain mutualistic interactions 
(Oliveira & Freitas 2004). Our results highlight the importance of the conservation of the 
diversity of Cerrado physiognomies in order to maintain the gene flow of the ant species 
studied, which could be done by establishing ecological corridors within areas of human 
activities (i.e. agriculture, pine plantations and urban areas), including native Cerrado 
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vegetation. Recent studies have shown that when savannas are protected from natural 
perturbations (such as fire in Cerrado), there is an improvement on vegetation biomass and 
density, followed by changing in species composition, leading savanna formations to 
progressively become similar to forest formations (Moreira 2000; Pinheiro & Durigan 2009; 
Almeida et al. 2014). Such process would be even more pronounced in the Brazilian Cerrados 
due to their high humidity levels compared to all other savannas in the world, which is a 
favorable condition to forest establishment (Bond et al. 2004; Hirota et al. 2011). This 
scenario could lead to reduced gene flow in C. rufipes, increasing this species risk of 
extinction. Therefore, we highlight the importance of studies on fire dynamics in Cerrado and 
the conservation of both open and forested formations. 
 Finally, our results suggest that C. renggeri would be a good bioindicator for early 
detection of the impact of anthropogenic pressures on the Cerrado ecosystem, since this 
species is more susceptible to anthropogenic disturbances (at colony level) and more 
restricted in the use of landscape to disperse compared to C. rufipes. The latter experiences a 
lower influence of landscape on colony polygyny and genetic diversity, and its population 
presents a higher genetic diversity, revealed by the presence of two well-defined genetic 
clusters that use landscape in different ways. C. rufipes thus seems to be less limited in the 
use of environmental features to disperse. Such outcomes reinforce the idea previously 
defended by Storfer et al. (2010) on the importance of using more than one species in 
landscape genetics studies, especially if the species are to be used for environmental 
management. Additionally, the present work also increases the current knowledge on 
landscape genetics of invertebrates in the tropics. Studies with the invertebrate fauna are 
scarce, although necessary for understanding microevolutionary processes and for creating the 
solid foundations of tropical regions conservation (Wilson 1987, Storfer et al. 2010). In 
conclusion, our work showed that despite the differences in response to landscape traits, both 
C. renggeri and C. rufipes need native Cerrado physiognomies to be conserved. Natural areas 
of the Brazilian savanna are necessary for the continuity of microevolutionary processes, 
especially gene flow, responsible for the preservation of ant populations, and consequently for 
the maintenance of the ecological roles and ecosystem services they play in Cerrado. 
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SUPPLEMENTARY INFORMATION 
 
 
Figure S1.  The most probable number of groups (K) inferred by ad hoc ∆K statistics 
developed by Evanno et al. (2005), following admixture model in STRUCTURE for (A) 
Camponotus renggeri and (B) C. rufipes from Mogi-Guaçu. 
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Figure S2. Decomposed eigenvalues from the Spatial Principal Component Analysis (sPCA, 
Jombart et al. 2008) of (A) Camponotus renggeri and (B) C. rufipes. Eigenvalues spatial and 
variance autocorrelation components are shown. The vertical dashed line indicates the 
maximum achievable variance and horizontal dashed lines above and below zero indicate, 
respectively, the maximum and minimum of Moran’s I component. Following the criteria 
proposed by Jombart (2008), for both species the two first spatial principal components were 
easily distinguished from all others and therefore had their scores plotted in this study. 
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CONSIDERAÇÕES FINAIS 
 O presente trabalho traz contribuições importantes para o entendimento da 
biologia de Camponotus renggeri e C. rufipes e gera perguntas a serem contempladas em 
investigações futuras. No primeiro capítulo, baseados nos genótipos das operárias, 
confirmamos a funcionalidade da poliginia previamente reportada para as duas espécies de 
Camponotus. Além disso, mostramos que, existem diferenças marcantes em seus sistemas de 
cruzamento e na contribuição da poliginia e poliandria para o nível de diversidade genética 
dentro das colônias. Este nível, entretanto, não é diferençável entre as duas espécies e sugere 
que diferentes estratégias reprodutivas podem levar a resultados similares para as formigas. 
Não foi possível, no entanto, fazer inferências sobre a permanência da poliginia ao longo do 
tempo de vida das colônias, bem como se elas aceitam novas rainhas mesmo depois de 
estabelecidas. Tais questionamentos mostram-se pertinentes para serem respondidos em 
trabalhos futuros que acompanhem o desenvolvimento das colônias ao longo do tempo. 
 No segundo capítulo, empregando abordagens recentes de genética da paisagem 
em diferentes escalas da organização da diversidade biológica, mostramos que C. renggeri e 
C. rufipes respondem diferentemente ao ambiente em que se encontram. No nível da colônia, 
C. renggeri mostrou-se mais susceptível aos distúrbios ambientais de origem antrópica. Já no 
nível da população, encontramos que as duas espécies estudadas utilizam componentes 
diferentes da paisagem como habitats de dispersão. C. renggeri usa áreas florestadas 
(“cerradão”), enquanto C. rufipes, subdividida em dois grupos bem definidos, usa também 
áreas florestadas, mas principalmente áreas abertas de Cerrado (sensu stricto). Assim, ambas 
espécies dependem da conservação das fitofisionomias naturais do cerrado para manutenção 
do fluxo gênico em suas populações e, consequentemente, para a sobrevivência das espécies 
na área estudada.  Embora o efeito da paisagem tenha sido detectado neste capítulo, é possível 
que outros fatores intrínsecos ou extrínsecos às espécies também tenham influência na 
dispersão e fluxo gênico das mesmas. Ademais, neste capítulo, restringimos às análises 
genéticas a uma pequena escala espacial, sendo promissor estudos futuros em escalas 
filogeográficas a fim de investigar se os padrões e processos observados em fina escala são 
mantidos em escalas maiores. 
 Este trabalho como um todo contribuiu ainda para reforçar as diferenças 
biológicas entre C. renggeri e C. rufipes, reiterando a interpretação de ambas como espécies 
distintas, com características evolutivas também diferentes. Salientamos ainda a importância 
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de estudos anteriores de história natural das duas espécies, com dados coletados em campo, os 
quais tornaram possíveis a interpretação e melhor entendimento dos dados genéticos obtidos. 
 Por fim, com este trabalho mostramos o potencial de ferramentas genéticas para 
investigações referentes à história natural e ecologia das espécies e esperamos que isso possa 
encorajar trabalhos futuros a também incorporá-las. Esperamos ainda que os dados originados 
possam ser úteis e que venham a auxiliar projetos de manejo em reservas de Cerrado. 
 
PERSPECTIVAS 
 Com o objetivo de complementar os dados obtidos no segundo capítulo, iremos 
repetir as análises de caminhos (“Least Cost Transect Analysis) feitas com os genótipos das 
operárias para os genótipos das rainhas e machos inferidos no capítulo 1 dessa dissertação. 
Assim, temos com objetivo analisar o efeito da paisagem na dispersão da casta reprodutiva de 
Camponotus renggeri e C. rufipes. 
 Além dos dados obtidos com microssatélites, ao longo da execução do projeto, 
também obtivemos alguns marcadores SNPs (“Single Nucleotide Polimorphism”), em 
colaboração com os Professores Tadashi Kajita (University of the Ryukyus, Japão) e 
Yoshihisa Suyama (Tohoku University, Japão). Pretendemos usar esses marcadores para 
avaliar se regiões distintas do DNA são igualmente informativas para estudos de genética da 
paisagem e se há locos sob seleção na escala da paisagem em C. renggeri e C. rufipes. Se 
possível, também objetivamos detectar locos candidatos associados à poliginia nessas 
espécies.  
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